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Abstract 14 
The Miri Zone in Sarawak contains thick Paleogene to Neogene sedimentary successions 15 
that extend offshore into the Sarawak Basin (Balingian and Central Luconia Provinces) and 16 
Sabah Basin. Exploration offshore has shown the Sarawak Basin in the South China Sea 17 
contains major hydrocarbon reservoirs. The sediments on land are age equivalents of the 18 
offshore successions and can be used to provide insights into their sedimentological and 19 
stratigraphic relations. However, because the rocks are found in mountainous regions 20 
covered by dense rainforest much of the stratigraphy in the Miri Zone is poorly known, as 21 
are timings and causes of major unconformities in the region that are essential for 22 
understanding the tectonic history, basin development, and sedimentary pathways. In this 23 
study we integrate fieldwork, U-Pb zircon dating, biostratigraphy, and light and heavy 24 
mineral analyses to present a revised stratigraphy for the region as well as paleogeographic 25 
maps, including major paleo-river systems for the main sedimentary basins. Rocks studied 26 
include parts of the Cretaceous to Eocene deep marine Rajang Group, fluvial to marginal 27 
marine sediments of the Oligocene to Early Miocene Tatau, Buan, Nyalau and Setap Shale 28 
Formations, and the Miocene sediments which are assigned to the Balingian, Begrih and 29 
Liang Formations in the Mukah-Balingian province, and the Belait Formation on Labuan.  30 
 31 
There is still much debate about the timings or even existence of some important 32 
unconformities offshore, such as the Middle Miocene Unconformity (MMU) and Deep 33 
Regional Unconformity (DRU). We propose to avoid the ambiguous time-based terminology 34 
that has been used for different events by different authors. Instead, our results from the 35 
on-land stratigraphy show two main unconformities in northern Sarawak; one at c. 37 Ma 36 
(Rajang Unconformity), marking the change from deep marine to fluvial - marginal marine 37 
sedimentation, and another one at c. 17 Ma (Nyalau Unconformity) which is related to 38 
widespread uplift in Borneo and changing river systems.  39 
 40 
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 43 
1. Introduction 44 
Sarawak in western and northwestern Borneo is a poorly studied region of hills and 45 
mountain ridges covered by dense rainforest vegetation. Haile (1974) subdivided the area of 46 
Sarawak and West Kalimantan into four different zones, which are from south to north the 47 
Borneo basement, and the Kuching Zone, Sibu Zone, and Miri Zone (Fig. 1). The Miri Zone is 48 
the youngest zone, and includes thick sedimentary sequences of Paleogene to Neogene age 49 
(Liechti et al., 1960; Wolfenden, 1960). It is separated from the Sibu Zone to the south by 50 
the Bukit Mersing Line (Haile, 1974; Hutchison, 1996).  51 
 52 
The majority of geological observations in the Miri Zone still follow Liechti et al. (1960), 53 
Wolfenden (1960), and Heng (1992) who assigned similar lithologies in the Tatau region to 54 
different formations based on limited field observations and palaeontological evidence. The 55 
sediments continue into the offshore basins, however, they were assigned to different 56 
cycles based on seismic data (Hageman, 1987; Madon, 1999) with limited attempts to 57 
correlate them to the on-land stratigraphy, resulting in uncertain timings and positions of 58 
main unconformities. On land, major tectonic lineaments associated with the Miri Zone, 59 
such as the Bukit Mersing Line and the West Baram Line (Fig. 1), are also poorly understood.  60 
 61 
This study focused on Paleogene and Neogene sedimentary successions in Sarawak and 62 
Labuan which are assigned to the Miri Zone (Fig. 2). They were studied in the field and 63 
analysed for light and heavy minerals accompanied by U-Pb dating of detrital zircons to 64 
assess provenance. Zircons from magmatic rocks were also dated and the biostratigraphy of 65 
limestones exposed in the Tatau region was investigated. The results are used to produce a 66 
revised Cenozoic stratigraphy for Sarawak and Labuan in northwest Borneo (Fig. 3), 67 
including more precise estimates for main unconformities, such as the Rajang and Nyalau 68 
Unconformities, and can help to understand the main tectonic events in the region, as well 69 
as stratigraphic relations offshore. This can be used to distinguish between important 70 
unconformities and sequence boundaries which may be mislabelled as unconformities in 71 
seismic data.  72 
 73 
2. Geological background 74 
2.1 Tectonic setting 75 
The Kuching and Sibu Zones of Sarawak (Fig. 1) both include upper Cretaceous to Paleogene 76 
sediments. Sediments of the Kuching Supergroup in the Kuching Zone were deposited in 77 
fluvial to shallow marine environments (Khan et al., 2017; Breitfeld et al., 2018; Breitfeld 78 
and Hall, 2018), whereas the Rajang Group of the Sibu Zone, including the Lupar and Belaga 79 
Formations, are mainly turbidites deposited in a deep marine setting (e.g. Haile, 1974; Tan, 80 
1979; Bakar et al., 2007; Galin et al., 2017). The zones are separated by the Lupar Line (Fig. 81 
1), which has been interpreted as a suture (e.g. Tan, 1979; Hutchison, 1996, 2005) 82 
associated with subduction and collision at the Sarawak margin. Hutchison (1996) suggested 83 
subduction until c. 60 Ma and proposed a subsequent collision of Borneo with the Balingian 84 
- Luconia continent, resulting in the Sarawak orogeny at c. 45 Ma, but later revised to 37 Ma 85 
(Hutchison, 2005). Haile (1973), however, had already questioned the interpretation of the 86 
Lupar Line as a suture and Hall and Sevastjanova (2012) and Hall (2013a) questioned the 87 
Sarawak orogeny. Recent studies (Galin et al., 2017; Breitfeld and Hall, 2018) have 88 
demonstrated a similar provenance for sediments in the Kuching and Sibu Zones based on 89 
light and heavy mineral assemblages, and similar zircon U-Pb age populations, indicating the 90 
Rajang Group sediments are the reworked lateral distal equivalents of the Kuching Zone 91 
sediments. The sediments were derived mainly from Cretaceous rocks of the Schwaner 92 
Mountains (Davies et al., 2014) that formed by subduction of the Paleo-Pacific at the 93 
eastern margin of West Borneo (Breitfeld et al., 2017a; Hennig et al., 2017a). U-Pb zircon 94 
geochronology of the Schwaner intrusive rocks by Davies et al. (2014) and Hennig et al. 95 
(2017a) concluded that subduction-related magmatism ceased around 85 Ma, but not due 96 
to collision with the Dangerous Grounds block, but to termination of Paleo-Pacific 97 
subduction. The Lupar Line was argued to represent a much younger strike-slip fault, 98 
possibly in the position of the Paleogene shelf break (Hall, 2012; Breitfeld et al., 2017a; Galin 99 
et al., 2017). Later uplift of the Rajang Group sediments is explained by a plate 100 
reconfiguration around 45 Ma and re-initiation of subduction around SE Asia. The onset of 101 
subduction of the proto-South China Sea beneath NW Borneo at the Sabah-Cagayan Arc 102 
(Hall, 2013a; Hall and Breitfeld, 2017) might have been the major contributing factor to the 103 
uplift in Borneo. 104 
 105 
The tectonic change at c. 45 Ma is marked by the Rajang Unconformity which reflects the 106 
change from deep marine sedimentation of the Rajang Group to fluvial ‐ shallow marine 107 
environments of Oligocene to Miocene stratigraphy in the Miri Zone, indicating uplift of 108 
Borneo (Hall and Breitfeld, 2017).  109 
 110 
2.2 Stratigraphy  111 
In this section we review previous stratigraphy of northwestern Borneo in Sarawak and 112 
Labuan, as well as provide a short summary of our revised stratigraphy for each unit, which 113 
is supported by new field and age data presented in the sections 4 to 9 and discussed in 114 
section 10. The textual juxtaposition of old and new stratigraphy is supported by Fig. 3 115 
which shows our revised stratigraphy alongside a summarised previous stratigraphy column 116 
based on Madon (1994), Hutchison (2005) and Balaguru and Lukie (2012). 117 
 118 
2.2.1 Rajang Group (Lupar and Belaga Formations) 119 
Previous stratigraphy 120 
The Rajang Group consists of the Upper Cretaceous Lupar Formation and the Upper 121 
Cretaceous to Upper Eocene Belaga Formation (Fig. 3) which both include steeply dipping, 122 
folded and slumped sandstones, siltstones, shales, and slates, forming debrites and 123 
turbidites (Wolfenden, 1960; Liechti et al., 1960; Tan, 1979; Bakar et al., 2007; Galin et al., 124 
2017) that were deposited in submarine fans (Tongkul, 1997; Galin et al., 2017). The Belaga 125 
Formation is exposed mainly in the Sibu Zone (Fig. 1) in Central Sarawak (Haile, 1974) but 126 
extends also into the southern part of the Miri Zone. Its thickness was estimated at 15 km 127 
by Haile (1974) and 4.5 - 7.5 km by Hutchison (2005). 128 
 129 
Liechti et al. (1960) subdivided the Belaga Formation into five members (Fig. 3), which are 130 
the Layar, Kapit, Pelagus, and Metah Members in the Sibu Zone, and the youngest Bawang 131 
Member in the Miri Zone, but they recognised that this subdivision was only “approximately 132 
possible” due to monotonous lithologies and limited palaeontological evidence, and the 133 
relative ages of the upper members were speculative. In contrast, Heng (1992) extended the 134 
Metah Member northwards across the Bukit Mersing Line as far as the Pelugau River valley 135 
in the Miri Zone (Fig. 2a).   136 
 137 
A more recent study by Galin et al. (2017) subdivided the Belaga Formation in the Sibu Zone 138 
into three units based on their depositional ages and provenance signatures (Figs. 1 and 3). 139 
Unit 1 (latest Cretaceous to earliest Eocene) consists of the Lupar Formation, Layar Member 140 
and Lower Kapit Member, Unit 2 (Early to Middle Eocene) includes the Upper Kapit and 141 
Pelagus Members, and Unit 3 (Middle to early Late Eocene) corresponds to the Metah 142 
Member. The term Bawang Member was retained for turbiditic sequences north of the 143 
Bukit Mersing Line because of their unknown depositional age and stratigraphic position. 144 
The Bawang Member has some provenance similarities to Unit 1 and Unit 2 (Galin et al., 145 
2017).  146 
 147 
Revised stratigraphy 148 
Based on new field observations, age dating, and provenance analysis we propose that the 149 
turbidite sediments between the Bukit Mersing Line and the Arip River are equivalents of 150 
the Rajang Group in the Sibu Zone. Deeper parts of the successions have a well-developed 151 
cleavage and are exposed as fault blocks. They are here correlated with Units 1 and 2 of the 152 
Sibu Zone, while the youngest part of the sequence, termed here Unit 4 (Bawang Member), 153 
lacks a cleavage and is interbedded with volcaniclastics and limestones. This indicates that 154 
Unit 4 (Bawang Member) is tectonically/ structurally distinguishable from the underlying 155 
units (Units 1 and 2).  156 
 157 
2.2.2 Igneous rocks (Bukit Piring, Arip Volcanics) 158 
Previous stratigraphy 159 
Magmatic rocks in the southern Miri Zone include granitoid rocks forming Bukit Piring and 160 
volcanic rocks along the northeastern flank of the Arip anticline (Wolfenden, 1960; Liechti et 161 
al., 1960; Heng, 1992; Hutchison, 2005) (Fig. 2a). The granitic to granodioritic Bukit Piring 162 
forms an E-W trending stock southwest of Tatau that has intruded steeply dipping turbiditic 163 
rocks (Wolfenden, 1960). Further to the east, volcanic rocks of the Arip Volcanics with a 164 
thickness of c. 450 m are exposed along the Arip ridge (Hutchison, 2005). Rocks are 165 
rhyolites, including welded tuffs and lavas, and andesites at the base (Wolfenden, 1960; 166 
Kirk, 1968) which are intensely hydrothermally altered forming agate and chalcedony 167 
alongside quartz in veinlets (Hutchison, 2005). Both the Bukit Piring granitoids and the Arip 168 
Volcanics show high-K calc-alkaline chemistries and were interpreted to have formed from 169 
the same magma as post-subduction Eocene volcanic rocks farther south in Kalimantan 170 
(Piyabong, Muller, and Nyaan Volcanics) related to extensional processes (Pieters et al., 171 
1987; Bladon et al., 1989; Hutchison, 1996, 2005). 172 
 173 
Revised stratigraphy 174 
In this study we dated two samples of the Bukit Piring stock and one sample of the Arip 175 
Volcanics which have intruded or are interbedded with sediments of Unit 4 (Bawang 176 
Member). They yielded late Middle Eocene U-Pb zircon ages, which define Unit 4 (Bawang 177 
Member) as the uppermost part of the Belaga Formation within the Miri Zone but which is 178 
stratigraphically below the Rajang Unconformity (Fig. 3). 179 
 180 
2.2.3 Arip Limestones 181 
Previous stratigraphy 182 
The Arip Limestones are poorly studied. They are interbedded with steeply dipping 183 
turbidites above the Arip Volcanics outcropping along the Arip ridge (Fig. 2a). Limestones 184 
reported from the area between the Pelugau and Arip Rivers by Wolfenden (1960) yielded 185 
foraminifera considered to be Late Eocene, and were assigned to the Tatau Formation. 186 
However, most of the assemblages reported could be Middle Eocene as the East Indian 187 
letter stages are difficult to correlate with the modern geological time scale (Adams et al., 188 
1986; BouDagher-Fadel and Banner, 1999; McGowran, 2005). Wong (2011) also analysed 189 
foraminifera of the Arip Limestones which were reported to be Middle to Late Eocene, and 190 
retained the unit within the Tatau Formation. 191 
 192 
Revised stratigraphy 193 
Biostratigraphy carried out for eleven samples of the Arip Limestones in this study 194 
confirmed late Middle Eocene ages. However, in our stratigraphy we now consider the 195 
limestones to be parts of Unit 4 (Bawang Member) of the Belaga Formation (Fig. 3), as they 196 
are conformably interbedded with the Arip Volcanics and Unit 4 (Bawang Member) and not 197 
to be part of the Tatau Formation. 198 
 199 
2.2.4 Tatau Formation 200 
Previous stratigraphy 201 
Originally De Boer et al. (1952) included the Tatau Formation in the Rajang Group. Kirk 202 
(1957) reported an unconformity above the Belaga Formation at Bukit Mersing in the Anap 203 
River region (Fig. 2a). The overlying rocks were described as medium-grained arenaceous 204 
well-bedded feldspathic sandstones and sandy shales, and assigned to the Tatau Formation. 205 
To the west, Wolfenden (1960) reported similar rocks in the Pelugau and Arip Rivers, 206 
including (calcareous) sandstones, shales, marls, lenses of limestones and volcanic rocks (i.e. 207 
Arip Limestones and Arip Volcanics), however, no unconformable contact with the Belaga 208 
Formation was found and the succession resembled turbidites of the Belaga Formation. 209 
Nevertheless, Liechti et al. (1960) and Wolfenden (1960) assigned these rocks north of the 210 
Bukit Mersing Line to the Tatau Formation and locally to the Bawang Member at the ‘Tatau 211 
Horst’ and east of the Bawang River. 212 
 213 
North and south of the ‘Tatau Horst’ are exposures of the Rangsi Conglomerate (Mat-Zin, 214 
2000; Hutchison, 2005) (Fig. 2a), or Tunggal-Ransi Conglomerate (Peng et al., 2004). The 215 
stratigraphic position of the conglomerate was interpreted differently by various authors. 216 
Liechti et al. (1960) proposed a Pliocene age and correlated it with the Begrih Formation; 217 
Mat-Zin (2000) suggested a correlation with the Miocene Balingian Formation, and Wong 218 
(2011) considered it to represent the base of the Tatau Formation together with the Arip 219 
Limestones. The depositional environment of the Rangsi Conglomerate was interpreted by 220 
Wong (2011) as lower coastal plain to shallow marine, including fan delta and river lag 221 
deposits. North of Tatau, alternations of sandstones, siltstones, and shales on top of the 222 
Rangsi Conglomerate were reported as Oligocene by Wolfenden (1960) and also assigned to 223 
the Tatau Formation.  224 
 225 
Revised stratigraphy 226 
In our new stratigraphy (Fig. 3), we split the former Tatau Formation into three different 227 
parts. The first represents the lowermost Eocene part of Wolfenden’s (1960) Tatau 228 
Formation between the Bukit Mersing Line and the Arip River. This is now assigned to the 229 
Rajang Group based on the lithological and structural similarities and new dating of 230 
interbedded magmatic rocks and limestones. In contrast, the term Tatau Formation is used 231 
here only for the Oligocene rocks above the Rajang Unconformity which are the Rangsi 232 
Conglomerate (lower Tatau Formation) and the overlying sandstones, siltstones, and shales 233 
(upper Tatau Formation) (Fig. 3). 234 
 235 
2.2.5 Buan Formation 236 
Previous stratigraphy 237 
The Buan Formation is a c. 600 m thick succession of carbonaceous mica-rich shales which 238 
contain some thin siltstone and sandstone beds (Wolfenden, 1960) interpreted as deposited 239 
in a littoral to inner neritic environment by Liechti et al. (1960). It is conformable on the 240 
Tatau Formation and considered Oligocene based on its stratigraphic position (Wolfenden, 241 
1960).  242 
 243 
Revised stratigraphy 244 
The Buan Formation is not discussed further in this paper and in our stratigraphy we follow 245 
Wolfenden (1960) in placing the Buan Formation conformably above the upper Tatau 246 
Formation (Fig. 3). 247 
 248 
2.2.6 Nyalau Formation 249 
Previous stratigraphy 250 
The Nyalau Formation comprises c. 5000 to 5500 m thick clastic sediments of Oligocene to 251 
Early Miocene age which are exposed in the area between Balingian and Suai (Wolfenden, 252 
1960; Liechti et al., 1960; Hutchison, 2005) (Figs. 1 and 3). The depositional environment 253 
was interpreted to be tide‐dominated to coastal floodplain with some fluvial influence 254 
(Hutchison, 2005; Hassan et al., 2013). The Nyalau Formation is either conformably above or 255 
interfingers with the Buan Formation, or unconformably on top of the Belaga Formation, 256 
and grades laterally into the Setap Shale Formation (Wolfenden, 1960; Hutchison, 2005) 257 
(Fig. 3). The top of the formation is marked by an erosional surface (Wolfenden, 1960).  258 
 259 
Revised stratigraphy 260 
The Nyalau Formation is not discussed further in this paper, and in our stratigraphy (Fig. 3) 261 
we follow Wolfenden (1960), Liechti et al. (1960) and Hutchison (2005). 262 
 263 
2.2.7 Setap Shale Formation 264 
Previous stratigraphy 265 
The Setap Shale Formation consists of a monotonous succession (c. 700 - 4700 m thick) of 266 
shales interbedded with thin sandstones and a few limestone lenses (Liechti et al., 1960; 267 
Kho, 1968). The basal boundary of the Setap Shale Formation is presumably unconformable 268 
(Liechti et al., 1960). The formation is of Late Oligocene to Early Miocene age (Haile, 1962; 269 
Sandal, 1996) and interpreted as the holomarine equivalent of the Nyalau Formation (Liechti 270 
et al., 1960; Hutchison, 2005). Its actual depth of deposition is uncertain, but Liechti et al. 271 
(1960) concluded inner neritic conditions for the majority of the Setap Shale deposits in the 272 
Miri Zone. Previously, some authors have also used the term Setap Shale to refer to the fine-273 
grained muddy equivalents of the Miocene sandy formations in the northern Miri Zone/ 274 
Brunei region (e.g. Sandal, 1996) which led to an ambiguous use of the term. 275 
 276 
Revised stratigraphy 277 
In our stratigraphy we only use the term Setap Shale Formation for the inner to middle 278 
neritic equivalents of the Nyalau Formation in Sarawak, while some of the younger shales, 279 
for example the ones on Labuan which were studied in this work, have been assigned to the 280 
Lower Belait Formation (Fig. 3). 281 
 282 
2.2.8 Balingian Formation  283 
Previous stratigraphy 284 
In the coastal region between the towns of Mukah and Balingian (Fig. 1), the Balingian 285 
Formation is unconformably on top of the Nyalau Formation, and overlain by the Begrih and 286 
Liang Formations (Liechti et al., 1960; Mat-Zin, 2000).  287 
 288 
The Balingian Formation was described by Liechti et al. (1960) as sandstone with 289 
intercalations of clay and shale with abundant lignite. The thickness of the formation was 290 
estimated to exceed 3500 m (Wolfenden, 1960). Wolfenden (1960) and Liechti et al. (1960) 291 
assumed a Late Miocene age based on foraminifera assemblages, and its depositional 292 
environment was interpreted to be estuarine, lagoonal to very shallow marine (Wolfenden, 293 
1960; de Silva, 1986). More recently, facies interpretations from heterolithics and coal 294 
seams by Nugraheni et al. (2014) include intertidal flats, floodplain, river mouth, and upper 295 
delta plain environments, and the depositional age of the formation was interpreted either 296 
as Early Miocene by Sia et al. (2014) based on palynomorphs and the architecture of coal 297 
seams observed in the Mukah coalfield, or Early to Middle Miocene by Murtaza et al. (2018) 298 
based on palynology. 299 
 300 
Revised stratigraphy 301 
Here, we believe that an uppermost Early to Middle Miocene age seems most appropriate 302 
(Fig. 3), as an Early Miocene age would suggest it to be a lateral equivalent of the upper part 303 
of Nyalau Formation, which conflicts with the unconformable contact between the Nyalau 304 
Formation and the Balingian Formation. 305 
 306 
2.2.9 Begrih Formation 307 
Previous stratigraphy 308 
The Begrih Formation (Figs. 2b and 3) is composed of sandstone, conglomerate, clay, and 309 
coaly layers (Liechti et al., 1960; de Silva, 1986). The basal part is formed by a thick basal 310 
conglomerate that was interpreted to mark the supposed unconformity with the Balingian 311 
Formation (Wolfenden, 1960; Sia et al., 2014). In some places, however, the contact has 312 
been described as conformable (Liechti et al., 1960). Wolfenden (1960) reported a 313 
brackish‐water fauna, and the formation age was presumed to be Early Pliocene (Liechti et 314 
al., 1960) or Late Miocene by Murtaza et al. (2018) based on palynology. 315 
 316 
Revised stratigraphy 317 
Based on our field observations, which identify similar lithologies below and above the 318 
massive conglomerates, we challenge the interpretation of Wolfenden (1960) and Sia et al. 319 
(2014), who described the Begrih Formation as unconformable above the Balingian 320 
Formation. Here we consider the previously reported unconformity to represent a sequence 321 
boundary. We placed the Begrih Formation in the Middle Miocene (Fig. 3) based on recent 322 
dating of the underlying Balingian and overlying Liang Formations by Murtaza et al. (2018) 323 
and Ramkumar et al. (2018).  324 
 325 
2.2.10 Liang Formation 326 
Previous stratigraphy 327 
The Liang Formation forms the uppermost unit in the Mukah‐Balingian province, and is 328 
faulted against the Belaga Formation (Wolfenden, 1960; Hutchison, 2005). It was initially 329 
termed the Sikat Formation (Liechti et al., 1960; Peng et al., 2004) until Liechti et al. (1960) 330 
and Wolfenden (1960) renamed this unit to Liang Formation because it showed some 331 
similarities to the Upper Pliocene to possibly Pleistocene Liang Formation in northern 332 
Sarawak and in Brunei, where it has its type locality.  333 
 334 
The Liang Formation near Mukah is c. 500 - 3000 m thick and composed of clay, sand, 335 
lignite, and conglomeratic sand lenses (Liechti et al., 1960; de Silva, 1986; Hutchison, 2005). 336 
The contact with the Begrih Formation was initially described as unconformable 337 
(Wolfenden, 1960), but de Silva (1986) did not find a distinction between the Liang and 338 
Begrih Formations and suggested combining both units using the informal formation name 339 
‘Begrih‐Liang’. Nonetheless, they remained separate units in the revised geological map of 340 
Heng (1992). The formation also includes coal seams which are referred to as the Balingian 341 
coalfield by Hakimi et al. (2013) and Sia et al. (2014). The depositional environment was 342 
interpreted as brackish marginal to shallow marine (Wolfenden, 1060; Hakimi et al., 2013). 343 
Murtaza et al. (2018) concluded a Late Pliocene to Pleistocene age for the Liang Formation 344 
based on palynology. More recently, a tephra deposit within the coalfield has been dated by 345 
Ramkumar et al. (2018) and revealed a latest Middle Miocene age (c. 12 Ma), thus indicating 346 
a slightly older age for the sequence than previously assumed, and a correlation with the 347 
Liang Formation in the northern Miri Zone/Brunei therefore seems inappropriate. 348 
 349 
Revised stratigraphy 350 
In this study we retain the separation between the Begrih and Liang Formations for 351 
geographic reference of the samples, but illustrate their similar character and provenance 352 
by using the same colour in Figs. 2b and 3. The age of the Liang Formation in the Mukah-353 
Balingian province is latest Middle Miocene as defined by the interbedded tephra layer 354 
reported by Ramkumar et al. (2018).   355 
 356 
2.2.11 Belait Formation 357 
Previous stratigraphy 358 
The Belait Formation (Figs. 2c and 3) is extensively exposed on Labuan (Wilson and Wong, 359 
1964) and in Brunei (Sandal, 1996), and only locally exposed in Sarawak, where it is mapped 360 
in the interior around the town of Beluru (Fig. 1) and belongs to the Miocene formations in 361 
the northern Miri Zone of uncertain stratigraphy (Liechti et al., 1960; Heng, 1992) (Fig. 3). 362 
 363 
The Belait Formation has an estimated thickness of 2500 m (Liechti et al., 1960) and is 364 
composed of mostly cross‐bedded coarse-grained white sandstones, clays, and sandy shales 365 
(Kirk, 1957; Haile, 1962). Haile (1962) interpreted a paralic environment with sporadic 366 
marine influence for the formation. The formation contains no age diagnostic fauna in 367 
Sarawak (Kirk, 1957; Haile, 1962); Sandal (1996) reported Lower to Upper Miocene 368 
foraminifera from Brunei. 369 
 370 
Revised stratigraphy 371 
Based on the similar ages, lithologies, depositional environments, and provenance we 372 
propose that the fluvial to shallow marine successions on Labuan (Figs. 1 and 2) are 373 
equivalents of the Balingian, Begrih and Liang Formations in the Mukah-Balingian province, 374 
and are termed Lower, Middle, and Upper Belait Formations in our stratigraphy (Fig. 3).  375 
 376 
3. Methodology 377 
Field observations were made in the Mukah-Balingian and Tatau regions of Sarawak and on 378 
Labuan (Figs. 1 and 2), and included sampling, and measurements of bedding, cleavage, and 379 
faults, recorded using dip direction and dip angle. 380 
 381 
Two samples of the Bukit Piring stock were analysed by whole-rock X-ray fluorescence (XRF) 382 
spectrometry at Royal Holloway University of London on a PANalytical Axios sequential X-383 
ray fluorescence spectrometer equipped with a 4 kW Rh-anode X-ray tube (Supplementary 384 
File 1). Rocks were ground in a tungsten-carbide barrel to a fine homogeneous powder, 385 
which was used to prepare fusion disks and pressed pellets for major and trace element 386 
analyses, respectively. Reproducibility was tested by re-analysis of three samples of the 387 
same batch. The data was plotted using GCDkit 2.3 (Janoušek et al., 2006). 388 
 389 
Covered thin sections were prepared for limestone samples of the Balingian Formation, Bau 390 
Limestone Formation, and Arip Limestones, and analysed for biostratigraphy, following the 391 
approach described in BouDagher-Fadel (2008) which primarily use the Planktonic Zonation 392 
scheme (PZ) of BouDagher-Fadel (2018b), which is tied to biostratigraphical time scale and 393 
the radioisotopes (as defined by Gradstein et al., 2012 and revised by Cohen et al., 2013). In 394 
this paper, the PZ scheme of BouDagher-Fadel (2018b) is also correlated with the larger 395 
benthic foraminiferal ‘letter stages’ of the Far East, as defined by BouDagher-Fadel and 396 
Banner (1999) and later revised by BouDagher-Fadel (2008, 2018a). 397 
    398 
Twenty-three thin sections were analysed for light minerals. The slides were stained for K-399 
feldspar and plagioclase following standard procedures. Point-counting analysis was 400 
performed on a Zeiss Axiolab with an automatic stepping stage and the software PetrogLite. 401 
The classification used is based on the Gazzi-Dickinson method (Dickinson, 1970; Gazzi et al., 402 
1973). Five hundred counts were made for each sample over an evenly distributed grid to 403 
obtain 221 to 499 framework grains (Supplementary File 2). The samples are classified using 404 
the QFL diagram of Pettijohn et al. (1987), and the QFL and QmFLt provenance diagrams of 405 
Dickinson et al. (1983). 406 
 407 
Heavy minerals from nine samples were identified using optical and secondary electron 408 
microscopy. Analysis was carried out on a Hitachi S3000N SEM equipped with a SDD-X-409 
Max50 EDS/EDX detector using heavy mineral separates which were mounted in Araldite 410 
resin and polished for exposure. Only translucent grains were counted, with counts ranging 411 
between 264 and 650 in all samples (Supplementary File 3). Opaque minerals were mainly 412 
ilmenite, and subordinate pyrite and ilmenorutile. All TiO2 minerals were counted as rutile. 413 
Samples MB-12 and TB200a contained chlorite at 15.4% and 23.1% respectively which was 414 
excluded from the heavy mineral assemblage as chlorite is often related to alteration 415 
processes. 416 
 417 
Zircons were separated from sedimentary rocks using mortar and pestle, and washed using 418 
disposable nylon meshes to extract a grain size fraction of 63 to 250 µm. The grains were 419 
further washed with sodium hexametaphosphate to remove any muds from the samples 420 
before standard density separation techniques were used, including LST heavy density liquid 421 
and Frantz magnetic separation. Magmatic rocks were crushed in a tungsten-carbide disk 422 
mill, sieved using nylon meshes and zircons ≤250 µm were extracted using a Wilfley table, 423 
Frantz magnetic separation, and DIM heavy liquid density separation.  424 
 425 
The separated zircons were mounted in Araldite resin, polished for exposure, and imaged by 426 
transmitted light and cathodoluminescence to detect cracks and inclusions, as well as 427 
internal morphologies, used for laser spot selection and data interpretation. Zircon U-Pb LA-428 
ICP-MS analysis was performed at UCL/ Birkbeck College on a New Wave NWR 193 nm laser 429 
ablation system coupled to an Agilent 7700 quadrupole-based inductively-coupled plasma 430 
mass spectrometer. Analyses were made using a 25 µm beam size and reference to the 431 
Plešovice zircon (337.13 ± 0.37 Ma; Sláma et al., 2008) and NIST 612 silicate glass (Pearce et 432 
al., 1997) standards. Data reduction was carried out using the GLITTER software package 433 
(Griffin et al., 2008). The U-Th-Pb isotope ratios (± 1σ errors) were corrected for common Pb 434 
(Andersen, 2002). 206Pb-238U ages were reported for ages <1 Ga; 207Pb-206Pb ages for ages ≥ 435 
1Ga (Supplementary File 4). The ages were considered as discordant if the 206Pb-238U/ 207Pb-436 
235U or the 207Pb-206Pb/ 206Pb-238U age difference, respectively were greater than 10%. 437 
Histograms and probability density plots were calculated using a script written by I. 438 
Sevastjanova based on Sircombe (2004) for the R language (R Core Team). 439 
 440 
4. Field observations and petrography 441 
4.1 Belaga Formation 442 
Exposures of the Belaga Formation are described from south to north in this section. South 443 
of the Bukit Mersing Line are steeply dipping debrites and turbidites which were assigned to 444 
the Metah Member of the Belaga Formation (Liechti et al., 1960; Heng, 1992) or Unit 3 of 445 
the Rajang Group (Galin et al., 2017). The contact with the Neogene Liang Formation (Fig. 446 
2b) is not exposed along the road between Mukah and Balingian, however, a c. 50 m wide 447 
depression separates the units and likely represents a wide fault zone. 448 
 449 
Farther to the east, the road crosses the Bukit Mersing Line and exposes highly weathered 450 
grey phyllites. They are calcareous in places with calcite veins, probably related to 451 
hydrothermal alteration along the fault zone. Similar rocks, although non-calcareous, were 452 
found approximately ten kilometres farther to the northeast, which are likely related to a 453 
fault zone subparallel to the Bukit Mersing Line along the Pelugau River. Rocks between the 454 
Bukit Mersing Line to the south and the Pelugau River to the north are here assigned to the 455 
Belaga Formation (similar to Units 1 or 2) (Fig. 2a). Sediments of this unit were studied from 456 
an outcrop near the Balingian River (Fig. 2a), exposing steeply dipping slates (bedding: 457 
170/70) (Fig. 4a), which are interbedded with planar-bedded siltstone lenses (Fig. 4b). The 458 
rocks are folded at mesoscopic scale and contain several elongated and folded quartz 459 
lenses. 460 
 461 
The area to the north between the Pelugau and Arip Rivers (Fig. 2a) is highly vegetated and 462 
inaccessible. Limited outcrops of shaly mudstones interbedded with white-greyish 463 
volcaniclastics (Fig. 4c) are exposed at the roadside east of the Bawang River and assigned 464 
here to Unit 4 (Bawang Member). These sediments are adjacent to a nearby outcrop which 465 
exposes deeper parts of the Rajang Group formed by subvertically dipping alternations of 466 
thick beds of medium-grained sandstones and fine-grained dark slates interbedded with 467 
siltstone layers, resembling the exposures between the Bukit Mersing Line and Pelugau 468 
River (Fig. 4d). The beds dip at high angles to the NNW (bedding: 355/81) and a younging 469 
trend towards the north was determined from scoured bases and normal grading in 470 
sandstone beds. The contact is interpreted as faulted. In contrast to Unit 4 (Bawang 471 
Member), no volcaniclastic layers were observed and the slates show a pervasive cleavage 472 
(Fig. 4e) (cleavage: 198/65), suggesting a deeper burial depth compared to the shaly 473 
mudstones of Unit 4 (Bawang Member).  474 
 475 
Sediments immediately north and south of the Arip River (Fig. 2a) are also included in Unit 4 476 
(Bawang Member). They consist of thick steeply dipping beds of medium- to coarse-grained 477 
sandstones (c. 2 m thick) and dark shales (c. 2-20 cm thick), which dip at a similar 478 
orientation as the sediments studied to the south (beddings south of Arip fault: 335/72; 479 
north of Arip fault: 341/55), and are also interbedded with white-greyish volcaniclastics (c. 480 
2-5 cm thick) (Fig. 4f), as well as rhyolites of the Arip Volcanics along the Arip valley (Fig. 2a). 481 
Rocks of Unit 4 (Bawang Member) continue approximately 4.5 km farther to the northeast 482 
of Arip River, where steeply dipping grey siltstones to medium-grained sandstones with fine-483 
grained weakly cleaved shale lenses were observed that are also interbedded with white 484 
clay-rich volcaniclastics (Fig. 4g) (TA-01).  485 
 486 
To the northeast, the Belaga Formation is exposed north of the Kelawit Fault (Fig. 2a). This 487 
low-lying countryside was referred as the ‘Tatau Horst’ by Liechti et al. (1960) and Hutchison 488 
(2005). Here the term Tatau high is used to describe this fault-bounded block as it does not 489 
resemble a horst structure. Mat-Zin (2000) interpreted it as a positive flower structure 490 
related to transpressional strike-slip deformation. A large roadcut at the northern part of 491 
the Tatau high exposes c. 5 m of sandstone - shale alternations with shale-dominated 492 
turbidites at the bottom followed by more sand-dominated units at the top (Fig. 4h). The 493 
shales are weakly cleaved in places. Interbedded sandstones show current ripples 494 
highlighted by mud drapes on the foresets (Fig. 4i). Other exposures in the area consist of 495 
deeply weathered, steeply dipping shale-sandstone alterations that are mostly covered by 496 
dense vegetation. These rocks are here assigned to the middle parts of the Rajang Group 497 
turbidite sequences (Figs. 2a and 3).  498 
 499 
4.2 Igneous rocks of Unit 4 (Bawang Member) 500 
The Arip Volcanics immediately north of the Arip Fault were studied (TB55) (Fig. 2a). The 501 
rocks are intensely weathered, showing a fine-grained clay-rich matrix with angular quartz 502 
crystals that suggest a rhyolitic composition. In thin section, the rocks show a fine-grained 503 
sub-volcanic texture of granoblastic quartz and feldspar phenocrysts. 504 
 505 
Granitoid rocks of Bukit Piring (Fig. 2a) were sampled from a stock pile on the southern side 506 
(BP-01) and from higher elevations at the northern flank (BP-02). Sample BP-01 is an un-507 
oriented medium-grained fresh rock which consists of quartz, K-feldspar, and plagioclase, as 508 
well as subordinate amphibole, garnet, and an opaque phase. Some quartz phenocrysts 509 
have embayed grain boundaries and some inclusions, indicating a hypabyssal character (Fig. 510 
5a). Feldspar often has a myrmekite texture, and amphiboles show symplectites at rims. 511 
Secondary calcite is also present, which indicates hydrothermal alteration. 512 
 513 
Sample BP-02 is a moderately weathered granitic sample. It has a more felsic composition 514 
than BP-01, including undulose quartz and quartz subgrains, and sericite-altered K-feldspar 515 
and plagioclase. 516 
 517 
4.3 Arip Limestones of Unit 4 (Bawang Member) 518 
The Arip Limestones were sampled at three locations of the ‘stone road’ mine along the 519 
northern flank of the Arip ridge (Fig. 2a). Samples AL1 and AL2 are located very close to one 520 
another, c. 13 km southeast from the main road (Fig. 5b), while sample AL3 comes from 521 
another outcrop c. 8 km into the valley from the main road. Three to five hand specimens 522 
were collected from each location. The rocks are fine-grained dark slaty marls and 523 
limestones that contain abundant planktonic foraminifera. 524 
 525 
4.4 Tatau Formation 526 
The Tatau Formation is revised in this study to include the deposits around the Tatau high 527 
(Fig. 2a), as well as along the western flank (Wong, 2011). The Rangsi Conglomerate forms 528 
the base of the Tatau Formation which lies unconformably above the Belaga Formation (Fig. 529 
3). 530 
 531 
The conglomerates, locally exposed by the road south of the Tatau high (TA-04, TB54), 532 
consist of c. 1 - 3 m thick, low dipping beds of clast-supported conglomerates with a sand 533 
matrix (Fig. 6a). The rocks are interbedded with a c. 0.5 m thick matrix-supported 534 
conglomerate layer with a mud-dominated matrix (bedding: 255/40) (Fig. 6b). The clasts are 535 
pebble- to boulder-size subangular to subrounded quartz, slates, medium-grained 536 
sandstones, quartzites, and weathered rhyolites (Fig. 6c). Locally, the matrix-supported 537 
conglomerates are cut by a clastic dyke with reworked fragments of the overlying sandy 538 
conglomerate layer (Fig. 6d), indicating overpressured sedimentary layers or seismic activity. 539 
 540 
 To the north of the Tatau high, a c. 20 - 30 m thick sequence of sand-dominated 541 
conglomerate beds unconformably overlie moderately dipping alternations of slates and 542 
siltstones of the Belaga Formation, as described by Galin et al. (2017). The conglomerate 543 
beds (TB199b) are c. 1.5 m thick and interbedded with mud- to siltstones of c. 10 - 60 cm 544 
thickness, dipping at low to moderate angles to the NE (bedding: 028/30) and are overlain 545 
by thick sandstone beds (Fig. 6e). The conglomerate bases are often scoured. The clasts are 546 
predominantly of quartzites, cherts and gabbros. The sandstone beds include thin mudstone 547 
layers of max. 5 cm thickness, and show trough cross-beds, representing 3D mega-ripples 548 
(Fig. 6f). This might indicate a rapid change from fluvial to shallow marine/ nearshore facies 549 
related to rapid deepening of the basin, which is supported by Wong (2011) who described 550 
bioturbated sandstones from this outcrop. 551 
 552 
Farther to the northeast, the dip of the bed decreases; these low north-dipping beds of 553 
sandstones (TB200a) and shales (bedding: 020/05) (Fig. 6g, h) are assigned to the upper 554 
Tatau Formation (Fig. 3). They also show planar and trough cross-bedding, indicating a 555 
fluvial depositional environment. 556 
 557 
4.5 Balingian Formation 558 
The northernmost outcrop along the road from Selangau to the coast between Mukah and 559 
Balingian (Fig. 2b) exposed a c. 0.5 m thick mudstone unit at the base, followed by c. 1 m 560 
thick subhorizontally-bedded quartz-rich siltstones and sandstones which include thin coal 561 
layers (c. 0.1 - 0.3 mm thickness), and some plant fragments and rootlets.  562 
 563 
Two kilometres farther to the south, a 2 m thick unit of subhorizontal sand- and mud-564 
dominated heterolithics is exposed at the roadside (Fig. 7a). The rocks consist of laminated 565 
fine-grained sandstones and siltstones, and thin irregular carbonaceous mudstone layers or 566 
lenses. Locally, the bedding is more crude and wavy or convolute. The beds contain 567 
abundant irregular granules- to pebble-size coal fragments, often in layers at the top of 568 
beds, as well as subangular to rounded clasts of sandstones, limestones, quartzites, dark-red 569 
chert, and basic igneous rocks in conglomerate layers (Fig. 7a). All clasts are between c. 3 ‐ 570 
10 cm in length. Coal debris is also present in thin bands parallel to the bedding. The 571 
bedding is cut by vertical rootlets. Nearby, the heterolithics are interbedded with thick 572 
alternating carbonaceous mudstone and coal seams (max. 35 cm thickness) (Fig. 7b), which 573 
contain some fossilised wood. Locally, the heterolithic beds are inclined (bedding: 020/22) 574 
(Fig. 7c). 575 
 576 
Approximately 2.5 km north of the boundary to the Begrih Formation (Fig. 2b), a relatively 577 
sharp contact was observed between the carbonaceous mud-dominated heterolithics at the 578 
base and coarse-grained sandstones (0.5 - 3 m thick) on top (Fig. 7d) which show some 579 
trough cross-bedding. The beds dip to the south at low to moderate angles and fine- to 580 
medium-grained sandstones are exposed for c. 50 m along the road (Fig. 7e). The 581 
sandstones are subhorizontal, showing planar cross‐bedding with thin coal layers or mud 582 
drapes on the foresets, and are interbedded with thin undulated subhorizontal mudstone 583 
layers (c. 1 cm thick) or lenticular mud lenses (Fig. 7f). Large coal fragments (max. 20 cm in 584 
length) are scattered within the sandstone unit, and locally brownish elongate mud clasts 585 
were observed in layers or clusters. Some bioturbation includes rounded burrows, possibly 586 
Ophiomorpha (Fig. 7f). The sequence is cut by vertical to subvertical syn‐sedimentary faults 587 
which are partly filled with mudstones and show small vertical displacement (offset c. 5 cm) 588 
(Fig. 7g). The sandstones form stacked lenticular bodies in places which are capped by 589 
mudstones (Fig. 7h).   590 
 591 
4.6 Begrih Formation 592 
The lower boundary of the Begrih Formation is marked by a thick unit (c. 10 m) of 593 
conglomerates, pebbly sandstones, and sandstones (Fig. 8a), which is interbedded with thin 594 
mudstone or mudstone - siltstone heterolithics layers (c. 5 ‐ 20 cm thickness).  595 
 596 
Dark homogeneous mudstones and convolute-bedded sandstone-mudstone heterolithics 597 
with thin coal layers are exposed at the base of the conglomeratic unit (Fig. 8b). They are 598 
overlain by medium-grained sandstones (c. 15 - 20 cm thick), which form erosive bases 599 
overlain by coarse-grained sandstone lag deposits (Fig. 8c). The sequence consists of 600 
massive sandstones, pebbly sandstones, and interbedded conglomerates, which form 601 
inclined layers of up to 50 cm thickness, and show coarsening and fining upward sequences, 602 
as well as planar cross‐bedding (Fig. 8d). The clast-supported conglomerates are poorly 603 
sorted and contain subrounded to rounded pebbles of quartz, fine-grained sandstone, 604 
mudstone and slate (c. 3 ‐ 5 cm in length) in a sand‐dominated matrix. Locally, large 605 
reworked coal blocks of up to 60 cm in length were observed in the conglomerates. 606 
Ironstone from weathering is abundant throughout the conglomerates, as well as on the 607 
bedding planes of the sandstones and pebbly sandstones, forming hard bands along the 608 
beds. 609 
 610 
Farther to the south, small outcrops of subhorizontally or moderately dipping heterolithics 611 
are exposed. They consist of fine-grained sandstones (max. 20 cm thick), some show 612 
coarsening upward sequences, Skolithos Ichnofacies, and thin mudstone layers (c. 1-3 cm 613 
thick) with carbonaceous mud and lignite bands that form a wavy bedding (Fig. 8e). The 614 
sandstones show a pervasive limonitic weathering in the pore spaces throughout the 615 
section. Locally, the beds form stacked packages with erosive bases (Fig. 8f), and show iron-616 
oxide weathering along the bedding planes, as well as ironstone nodules. 617 
 618 
The southernmost outcrop of the Begrih Formation is c. 3 m high (Fig. 8g) and shows a 619 
subhorizontal succession of massive conglomerates at the base (c. 1.5 m thick), which are 620 
interbedded with thin siltstone to sandstone layers, and have erosive bases with scours 621 
(Fig. 8h). The middle part of the section is dominated by heterolithics (c. 0.5 m thick) of 622 
siltstones and (carbonaceous) mudstones, which alternate with pebbly sandstones (Fig. 8i). 623 
A c. 10 cm thick conglomerate bed forms the base of the pebbly sandstones. The 624 
heterolithics show wavy lamination and current-ripple cross lamination. A c. 4 cm thick mud 625 
layer forms the top of this bed, which is followed by c. 15 cm of fine-grained sandstone that 626 
grade upwards into alternating beds of fine-grained sandstones with mud lenses, and small 627 
bands of heterolithics which show a wavy lamination. Towards the top of this c. 0.5 m thick 628 
bed, the sandstones become more dominant again. A thin mudstone band forms a sharp 629 
boundary to a similar sequence on top, indicating cyclic deposition. The unit contains 630 
abundant rounded or elongated burrows (Ophiomorpha), some with iron-oxide crusts (Fig. 631 
8k). Herringbone cross‐stratification was observed in a small sandstone layer (c. 3 cm thick) 632 
(Fig. 8l). 633 
 634 
4.7 Liang Formation in the Mukah-Balingian province 635 
The lower part of the Liang Formation in the Mukah-Balingian province is marked by 636 
heterolithic alternations of subhorizontal mudstone and siltstone layers of 2 to 20 cm 637 
thickness, which show flaser bedding and current ripple cross-lamination (Fig. 9a), as well as 638 
convolute bedding in places (Fig. 9b). Locally, the mudstones contain thin lignite bands. 639 
Planar cross‐bedding with lignite foresets was observed in the siltstones as well as 640 
occasionally lenses of reworked coal fragments.  641 
 642 
The heterolithics are abundant in the lower part of the formation and show variable dip of 643 
beds. Locally, medium-grained poorly-sorted sandstones are exposed in between which 644 
contain small clay pebbles (0.5 - 1.0 cm in length) forming rip-up clast conglomerates.  645 
 646 
Sediments farther towards the south are planar-bedded medium- to coarse-grained 647 
sandstones, which are interbedded with thin mudstone layers and a small conglomerate 648 
band (c. 5 ‐ 10 cm thick) (Fig. 9c). The latter are poorly sorted and contains subrounded to 649 
rounded sandstone pebbles and cobbles, as well as angular granule- and pebble-size quartz. 650 
Thin bands of reworked coal fragments are at the top of the sandstone beds. A c. 1.5 m thick 651 
layer of thinly bedded shaly mudstones forms the top of the sequence.  652 
 653 
The southernmost deposits of the Liang Formation represent the top of the Mukah-654 
Balingian formations and are moderately dipping alternations of conglomerates and pebbly 655 
sandstones with heterolithics of mudstone and siltstone layers (bedding: 177/46) (Fig. 9d). 656 
The conglomerate and pebbly sandstone beds are between c. 5 cm to 1 m thick, erosive-657 
based, and show coarsening‐ and fining upward sequences, as well as pinching out 658 
structures. They are poorly sorted and have a mud‐dominated matrix. The majority of clasts 659 
are angular quartz granules, subangular to rounded pebbles of sandstone and siltstone, and 660 
elongate mudstone and slate clasts (Fig. 9e). Subordinate small coal bands were locally 661 
observed. 662 
 663 
The heterolithics form thick beds of subhorizontally laminated to wavy-bedded siltstone 664 
layers and mudstones (c. 0.5 ‐ 1.5 m thick). Locally, some thicker siltstone layers (c. 5‐10 cm 665 
thick) also show convolute bedding, or trough cross-bedding with truncation of top sets, 666 
interpreted as hummocky cross-stratification (Fig. 9f). The heterolithics contain some coal 667 
clusters or are interbedded with thin lignite or coal bands. They also contain abundant 668 
burrows of Ophiomorpha and Skolithos (Fig. 9g, h), and show several syn‐sedimentary 669 
structures (Fig. 9i, k), such as flute casts (flow direction towards WNW), flame structures, 670 
and dewatering structures. The rocks are fractured and cut by several small faults. 671 
Subordinate moderately dipping thrust faults are cut by steeply dipping fractures. 672 
 673 
4.8 Belait Formation on Labuan 674 
The Belait Formation is the youngest unit on the island of Labuan (Figs. 2c and 3) and is 675 
correlated in this study with the late Early to Middle Miocene sediments in the Mukah-676 
Balingian province. 677 
 678 
4.8.1 Lower and Middle Belait Formations 679 
In the Labuan anticline (LTB-2; Fig. 2c), there is a sharp contact from rippled mud-dominated 680 
heterolithics at the base (Lower Belait Formation) towards thick conglomerates and pebbly 681 
sandstones at the top (Middle Belait Formation) (Fig. 10a). The conglomerates form a 682 
distinct NW-SE trending ridge across northern Labuan (Fig. 2c). They are sand-matrix-683 
supported to clast-supported, generally unsorted, and consist of pebbles and cobbles of 684 
rounded quartz and mud clasts (Fig. 10b), red laterite clasts (Fig. 10c), and coal fragments. 685 
The conglomerates are interbedded with cross-bedded centimetre-thick sandstones. The 686 
succession is overlain by thick lenticular cross-bedded sandstone bodies that grade into 687 
carbonaceous or reddish-coloured siltstone - mudstone alternations with thin coal seams 688 
(Fig. 10d). Coalified logs and coal fragments are also common in the thicker sandstone 689 
bodies (Fig. 10e). 690 
 691 
4.8.2 Upper Belait Formation 692 
To the north of the island, the Belait Formation is composed mainly of subhorizontal thick 693 
sandstones, forming large channels (Fig. 10f), which are interbedded with mudstones and 694 
heterolithics assigned here to the Upper Belait Formation (Fig. 10g). The sandstones are 695 
predominantly medium-grained with cross-bedding and possibly hummocky cross-696 
stratification (Fig. 10h). Channels of various sizes are formed by lenticular beds which 697 
consist of 3D mega-ripples and can exceed two metres in thickness (Fig. 10f). Small-scale 698 
ripples are common in some exposures and are mainly symmetrical wave ripples (Fig. 10i). 699 
Lenticular and wavy bedding, and mud drapes on top of foresets were observed. Beds are 700 
generally highly bioturbated with abundant, e.g. Skolithos, Cruziana and Ophiomorpha (Fig. 701 
10k). Water escape structures, load structures, syn-sedimentary faults (Fig. 10i), and 702 
slumped beds are present and indicate instability of the deposits. In some places thin lag 703 
conglomerates, including coal clasts, are associated with the sandstones. Mudstones are 704 
usually dark-coloured and are composed of carbonaceous material. They are interbedded 705 
with thin siltstones or sandstones and can form heterolithics. 706 
 707 
4.9 Depositional environment interpretations of the Neogene formations 708 
4.9.1 Balingian Formation 709 
Carbonaceous mudstones and thick coal seams indicate predominantly quiet waters in 710 
swamp forest areas. Sandstone- and mudstone-dominated heterolithics may represent 711 
tidally-influenced sequences, or overbank facies and floodplain deposits (Heldreich et al., 712 
2017). Inclined and/or amalgamated heterolithic packages with erosive bases indicate tidal-713 
dominated point-bar deposits or channel fills (Choi et al., 2004; Olariu et al., 2015) or could 714 
be similar to local scour-and-fill structures or syn-sedimentary deformation related to minor 715 
tectonic events as described by Madon and Rahman (2007) for the Nyalau Formation. Thin 716 
bands of interbedded conglomerates and sandstones with mud rip-up clasts are likely 717 
related to flooding events. Thick sandstones show planar and trough cross-bedding, and 718 
Ophiomorpha burrows, indicating fluvial-dominated channels in a deltaic brackish 719 
environment (Benton and Harper, 1997). The lenticular bodies are interpreted as 720 
amalgamation of laterally stacked channels (Reading, 1996).  721 
 722 
4.9.2 Begrih Formation 723 
Massive conglomerates with subrounded and rounded clasts, and (pebbly) sandstones with 724 
erosive bases at the boundary with the underlying Balingian Formation indicate a change to 725 
a more fluvial-influenced environment, represented by channels cutting across the tide-726 
dominated delta front and swamp deposits. The conglomerates are interpreted as lag 727 
deposits at channel bases or channel bar deposits. Interbedded heterolithics with thin coal 728 
layers may represent tidal or floodplain deposits. Herringbone cross-stratification in a 729 
sandstone bed within the heterolithics indicates bidirectional flow, often associated with a 730 
tidally-influenced sandy shoreface environment (Benton and Harper, 1997; Nichols, 2009), 731 
which is supported by abundant bioturbation.      732 
 733 
4.9.3 Liang Formation in the Mukah-Balingian province 734 
The Liang Formation is dominated by thick siltstone and mudstone heterolithics with thin 735 
lignite and coal layers. The sediments indicate floodplain deposits in a deltaic environment. 736 
Flaser bedding and abundant bioturbation, including Skolithos Ichnofacies (Benton and 737 
Harper, 1997), supports a tidally-dominated environment. Some beds show hummocky 738 
cross-stratification and interbedded thin conglomerate layers, interpreted as shoreface 739 
storm deposits (Kumar and Sanders, 1976). The heterolithics alternate with conglomerates 740 
and pebbly sandstone beds that have erosive bases and coarsening and fining upward 741 
sequences, indicating fluvial-dominated channels in a deltaic brackish environment. Water 742 
escape structures observed in the heterolithics indicate high sediment supply and rapid 743 
aggradation (Lowe, 1975). 744 
 745 
4.9.4 Lower and Middle Belait Formation 746 
The mud-dominated heterolithics at the base are interpreted as shallow marine deposits, 747 
interpreted as part of a shoreface or inner shelf environment or possible tidal flats. These 748 
resemble the Balingian Formation below the Begrih Formation in the Mukah-Balingian 749 
province (Figs. 2b, c and 3). The conglomerates form the base of a fluvial channel complex 750 
that shows similarities to the Begrih Formation to the south (Figs. 2b, c and 3). Clast-751 
supported conglomerates indicate bedload deposition from stream flows (Reading, 1996) 752 
and matrix-supported conglomerates indicate debris flows or coarse channel fills (Nemec 753 
and Steel, 1984; Miall, 1996). Lenticular sandstone bodies are interpreted as fluvial channels 754 
and together with the conglomerates and pebbly sandstones they form an amalgamated 755 
fluvial channel complex of c. 20 to 40 m thickness. Carbonaceous muds and seams on top of 756 
the fluvial channel complex represent floodplain or swamp environment. Red-coloured 757 
mudstone-siltstone alternations indicate overbank facies (Nichols, 2009). Above the fluvial 758 
complex are shallow marine shoreface deposits, as indicated by the tidally wavy and 759 
lenticular bedded heterolithics on top, similar to the sediments below the conglomerates. 760 
 761 
4.9.5 Upper Belait Formation 762 
Hummocky cross-stratification indicates storm wave deposits in a shallow marine 763 
environment (shoreface, shelf) (Kumar and Sanders, 1976). Lenticular and wavy bedding is 764 
typical found in tidal environments (Nichols, 2009). Ophiomorpha indicates a high energy 765 
shoreface environment (Nagy et al., 2016) and Skolithos may indicate a sandy shore to shelf 766 
environment (Bromley and Asgaard, 1991; Buatois and Mángano, 2011). Instability of beds 767 
and load casts indicate rapid deposition with high sediment supply (Nichols, 2009). Thick 768 
sandstones are interpreted as subaqueous or tidal channels. Carbonaceous material and 769 
coal clasts were probably washed in from nearby coastal floodplains. The thicker mudstone 770 
successions are part of a shoreface or inner shelf environment, or represent tidal flats. The 771 
deposits are considered equivalent to the Liang Formation in the Mukah-Balingian province 772 
(Figs. 2b, c and 3). 773 
 774 
5. Bulk rock chemistry 775 
Two Bukit Piring samples (BP-01, BP-02) were geochemically analysed in this study 776 
(Supplementary File 1). The results were compared to a few previous analyses reported by 777 
Wolfenden (1960), Kirk (1968) and Wong (2011) from Bukit Piring and the Arip Volcanics, to 778 
characterise Eocene magmatism in northwestern Borneo. 779 
  780 
The analysed rocks are calc-alkaline and high-K calc-alkaline in the SiO2 - K2O diagram of 781 
Peccerillo and Taylor (1976), have ferroan, calc-alkalic, and peraluminous compositions 782 
(Frost et al., 2001) (Fig. 11a, b), and are classified as granite to alkali-granite (BP-01), and 783 
quartzolite (BP-02), determined from the R1-R2 diagram of De La Roche et al. (1980) and the 784 
SiO2 vs. Na2O + K2O diagram of Middlemost (1994) (Supplementary File 1). However, the 785 
high SiO2 of BP-02 suggests extensive secondary recrystallization, and interpretations based 786 
on alkali element contents are unlikely to be valid. 787 
 788 
Both samples are similar to the previously reported analyses from Bukit Piring and the Arip 789 
Volcanics (Fig. 11a, b), which are calc-alkaline to high-K calc-alkaline (Peccerillo and Taylor, 790 
1976), magnesian to ferroan, calc-alkalic, and metaluminous to peraluminous (Frost et al., 791 
2001), and classified as andesi-basalt, tonalite, and (alkali-) rhyolites (De La Roche et al., 792 
1980).  793 
 794 
Trace element contents of rocks from Bukit Piring (BP-01, BP-02) can help to further 795 
characterise the rocks and the tectonic setting in which they formed, although caution is 796 
required as they may reflect an earlier tectonic setting (Frost et al., 2001). Both samples 797 
have undergone significant secondary alteration, especially BP-02. Therefore, two additional 798 
samples reported by Wong (2011) were included which both have very similar major and 799 
trace element concentrations as sample BP-01. The four samples plot at the boundary of the 800 
within-plate and volcanic-arc granite fields in the diagrams of Pearce et al. (1984) (Fig. 11c), 801 
which could support a post-collisional setting, according to Pearce (1996). Similarly, they 802 
also plot at the boundary with, or in, the A-type fields in the diagrams of Whalen et al. 803 
(1987). Based on the classification scheme of Frost et al. (2001), almost all samples of Bukit 804 
Piring and the Arip Volcanics from this study and the literature indicate an A-type signature, 805 
which reflects the within-plate post-collisional character; only the andesitic volcanic sample 806 
has similarities to Cordilleran batholiths. Samples BP-01, BP-02 and the two samples of 807 
Wong (2011) of Bukit Piring form very similar curves in the N-MORB normalised spider 808 
diagram of Sun and McDonough (1989) (Fig. 11d). They show enrichment of mobile 809 
elements (Rb, Ba, U, K), probably related to late-stage hydrothermal alteration, and relative 810 
Nb, Sr, P, and Ti troughs and Pb, Nd-Zr-Sm and Y peaks. Sample BP-02 has more pronounced 811 
Nd and Sm peaks, as well as an additional La-Ce peak. The very high LREE contents of BP-02, 812 
and the 5000ppm As, are unlikely to be of magmatic origin. This latter suggests that this 813 
sample has been mineralized as well as silicified, although the high As is not coupled with 814 
elevated Cu, Zn, Pb or S. The spider diagram patterns are very irregular and differ from a 815 
classic volcanic-arc signature, which shows characteristic Nb and Ti troughs and a Pb peak, 816 
and support a within-plate character for the samples. 817 
 818 
6. Biostratigraphy   819 
Thin sections of two limestone samples from the Balingian Formation and three samples of 820 
the Arip Limestone were analysed for biostratigraphy (Tab. 1; Supplementary Files 5.1 and 821 
5.2).  822 
 823 
Limestone clasts interbedded in heterolithics of the Balingian Formation are classified as 824 
micritic packstones of algae which contain Bacinella irregularis, Palaeodasycladus spp., 825 
Pseudocyclammina spp., Pseudocyclammina lituus, Choffatella sp., Textularia sp. and small 826 
miliolids. They indicate a shallow reefal to backreefal environment and an Early Cretaceous 827 
(Berriasian to Barremian, 145.0-125.0 Ma) depositional age (Tab. 1).  828 
 829 
These limestone clasts must have been reworked from older rocks. No limestones of late 830 
Mesozoic age are known from the Tatau area. The Bau Limestone Formation in the Kuching 831 
Zone to the southeast is a potential source but is reported to be mainly Late Jurassic to 832 
possibly Early Cretaceous (Bayliss, 1966; Beauvais and Fontaine, 1990). A new sample of the 833 
Bau Limestone (TB165) was analysed and yielded an assemblage of Siphovalvulina sp., 834 
Dukhania sp., Pseudocyclammina sp., Nezzazatinella sp., Pseudocyclammina vasconica, 835 
Bacinella sp., and Salpingoporella dinarica that indicates an Early Cretaceous age (Aptian, 836 
125.0 - 113.0 Ma) and deposition in a shallow inner ramp to backreef environment, similar 837 
to the clasts of the Balingian Formation (Tab. 1). 838 
 839 
The Arip Limestones were sampled at three different locations (AL1, AL2, AL3) north of the 840 
Arip ridge. All analysed samples are micritic wackestones of planktonic foraminifera or 841 
contain recrystallised planktonic foraminifera which yielded assemblages that indicate an 842 
inner neritic environment. Some of the samples contain Subbotina sp., Acarinina 843 
pentacamerata, Chiloguembelina sp., Streptochilus cubensis, Subbotina linaperta, 844 
Aragonella nuttalli, Acarinina sp., Subbotina eocaenica, Turborotalia frontosa, Aqcarinina 845 
pentacamerata, and Guembelitrioides higginsi indicating a Middle Eocene (Lutetian, P10 -    846 
P11, 47.8 - 42.3 Ma) depositional age. Other samples include Bolivina sp., Porticulasphaera 847 
mexicana, Catapsydrax sp., Globigerinatheka sp., Globigerinatheka curryi, Globigerinatheka 848 
luterbacheri, Globigerinatheka barri, Guembelitrioides higginsi, Spirillina sp. and echinoid 849 
spp. which indicate a Late Lutetian age (P11 - P12a, 44.9 - 41.2 Ma). One sample (AL2-3) 850 
yielded an assemblage of Subbotina inaequispira, Dentoglobigerina venezuelana, Nodosaria 851 
sp. and Globigerapsis kugleri suggesting a latest Lutetian age range of 43.2 - 41.2 Ma. All 852 
samples overlap at 43.2 - 42.3 Ma, which gives c. 42.3 Ma as the youngest depositional age. 853 
  854 
7. Light mineral analysis 855 
Light mineral point-counting was performed on 23 samples from the Unit 4 (Bawang 856 
Member), Tatau Formation (Rangsi Conglomerate and upper Tatau Formation), Balingian 857 
Formation, Begrih Formation, Liang Formation and Belait Formation (Supplementary File 2). 858 
The results are also illustrated in pie-chart diagrams compiled in the Supplementary Files 6.1 859 
and 6.2. 860 
7.1 Composition 861 
Sample TB56 of Unit 4 (Bawang Member) has a relatively large matrix content (26%), and 862 
consists mainly of quartz ((undulose-) monocrystalline and polycrystalline), and sedimentary 863 
and metamorphic lithic fragments, indicating magmatic and metamorphic sources. 864 
Subordinate volcanic quartz and volcanic lithics are present. Minor K-feldspar and 865 
plagioclase may be related to a relatively high matrix content that could indicate some 866 
alteration processes. Chert, organic material, and opaque minerals are also rare in the 867 
sample. 868 
 869 
The three samples of the Rangsi Conglomerate (TB54, TA-04, TB199b) show very variable 870 
proportions of light minerals and matrix contents that range between c. 6% and 41%. All 871 
three samples are dominated by monocrystalline quartz and sedimentary lithics. TA-04 and 872 
TB199b have additionally larger contents of undulose and polycrystalline quartz as well as 873 
chert, and higher contents of metamorphic (TB199b) or volcanic (TA-04) lithics. The samples 874 
contain subordinate K-feldspar and plagioclase (only TA-04 has a higher plagioclase amount 875 
of c. 7%), organic material, opaque minerals, and cement. Light minerals of the upper Tatau 876 
Formation sandstones (TB200a) have a similar high quartz content of over 50% from 877 
(undulose-) monocrystalline and polycrystalline quartz, and some chert, as well as abundant 878 
metamorphic and sedimentary lithic fragments. The sample has a relatively high proportion 879 
of K-feldspar and plagioclase (c. 10%), and includes minor matrix, volcanic lithics, organic 880 
material, opaque minerals, and cement. 881 
 882 
Five samples were analysed from the Balingian Formation. Most of the samples have 883 
relatively large proportions of matrix (c. 12 - 26%), reflecting a poorly sorted character, as 884 
well as variable contents of organic material related to abundant coal in the formation. All 885 
samples have relatively high abundances of (undulose-) monocrystalline quartz (c. 36 - 46%), 886 
and metamorphic lithics (c. 11 - 19%). Polycrystalline quartz, sedimentary and volcanic 887 
lithics, chert, feldspar, and opaque minerals are subordinately present, as well as volcanic 888 
quartz in sample MB-05.  889 
 890 
Five samples of the Begrih Formation were analysed. Light minerals of a pebbly sandstone 891 
layer at the base of the Begrih Formation (MB-07) are dominated by monocrystalline quartz, 892 
metamorphic and sedimentary lithics, as well as subordinate polycrystalline and undulose 893 
quartz and volcanic lithics. The majority of the overlying samples (MB-08, MB-09, MB-10) 894 
have a similar assemblage, but with larger contents of matrix, organic fragments, and partly 895 
opaque minerals (MB-09, MB-10). Sample MB-11 from the top of the Begrih Formation is 896 
dominated by sedimentary and metamorphic lithics (46% and 26%) and contains only small 897 
proportions of the assemblage observed in the other samples from this formation. Small 898 
amounts of K-feldspar and plagioclase are present in all five samples (c. 2 - 10%).   899 
 900 
Five samples of the Liang Formation show highly variable contents of different light minerals 901 
and matrix, reflecting poorly sorted siltstone and (pebbly) sandstone beds. Monocrystalline 902 
quartz (c. 23 - 60%) is dominant in almost all samples, and an increase of sedimentary, 903 
metamorphic and volcanic lithics can be observed from the base to the top of the Liang 904 
Formation. Except for sample MB-12 which has a feldspar content of c. 8%, feldspar is 905 
insignificant in the Liang samples.   906 
 907 
All three samples analysed from the Belait Formation on Labuan are very similar in their 908 
light mineral compositions. They consist predominantly of c. 62 - 72% of (undulose-) 909 
monocrystalline and polycrystalline quartz, as well as of c. 16 - 32% of metamorphic and 910 
sedimentary lithics. Chert, volcanic quartz, K-feldspar, plagioclase, volcanic lithics, matrix, 911 
and cement are rare.  912 
 913 
7.2 Classification 914 
The majority of samples, including TB200a (upper Tatau), TA-04, TB199b (Rangsi 915 
Conglomerate), MB-05 (Balingian), MB-07, -10, -11, TB201 (Begrih), MB-01, -14, -15 (Liang) 916 
and LTB-2, -4, -5 (Belait) have 0 to 15% matrix content and are classified as lithic arenites to 917 
sublitharenites (LTB-2, -5, MB-14) based on the QFL diagram of Pettijohn et al. (1987) (Fig. 918 
12a). Samples TB56 of Unit 4 (Bawang Member) and TB54 of the Rangsi Conglomerate, as 919 
well as samples MB-02, -03, -04 (Balingian), MB-08, -09 (Begrih) and MB-13 (Liang) have 920 
between 15 and 75% matrix content and are classified as lithic greywacke, while sample 921 
MB-12 of the Liang Formation falls into the arkosic wacke field (Fig. 12a).  922 
 923 
The Unit 4 (Bawang Member) sample TB56 indicates a transitional recycled orogenic 924 
character in the QFL and QmFLt diagrams (Dickinson et al., 1983) (Fig. 12b). The 925 
unconformably overlying Rangsi Conglomerate (TB54, TA-04, TB199b) and upper Tatau 926 
sandstone (TB200a) plot close to this sample. TB54 plots a bit further away at the boundary 927 
to the quartzose recycled orogen field in the QmFLt diagram.  928 
 929 
Almost all samples of the Mukah-Balingian province and Belait Formation (Labuan) plot 930 
along the right margin in the classification diagrams (Fig. 12b), indicating compositions from 931 
quartz-rich to lithic-rich end members. Notably, all samples of the Balingian Formation, 932 
including the uppermost sandstone layer, plot in a relatively small area of the quartzose to 933 
transitional recycled orogen fields. Except for sample MB-11, which plots in the undissected 934 
arc field (QFL) or the lithic recycled orogen field (QmFLt), all samples of the Begrih 935 
Formation also plot close to one another in the transitional recycled orogen field. In 936 
contrast, the samples of the Liang Formation are much more widely spread and fall along 937 
the quartzose and transitional recycled orogen fields, or at the boundary of the transitional 938 
continental block fields (MB-12), which reflects the variability of light mineral compositions 939 
of this formation. The three samples of the Belait Formation are relatively similar and 940 
overlap with those of the Balingian and Begrih Formations in the quartzose to transitional 941 
recycled orogen fields (Fig. 12b).  942 
 943 
8. Heavy mineral analysis 944 
Heavy minerals were analysed from the Paleogene Unit 4 (TB56) and the Tatau Formation 945 
(TA-04, TB54, TB200a), as well as from the Neogene Mukah-Balingian province (MB-01, MB-946 
03, MB-07, MB-12, TB201) (Fig. 13). The samples contain ultra-stable mineral assemblages 947 
dominated by zircon, rutile, and tourmaline. Apatite is rare in sample TB56 and absent in all 948 
other samples which indicates chemical weathering. Aluminium phosphate-sulphate 949 
minerals (APS) are subordinate in all samples, which are usually formed as alteration 950 
products of phosphorite deposits or by weathering of tropical soils (Dill, 2001), and ilmenite 951 
and rutile which occasionally contained Al and P, indicating alteration processes (Dill et al., 952 
2007). 953 
 954 
Sample TB56 contains predominantly zircon (28%), rutile (56.5%) and tourmaline (9.6%). 955 
Subordinate monazite (3.1%), chrome-spinel (1%), APS (0.7%), xenotime (0.7%), and apatite 956 
(0.5%) were identified.  957 
 958 
Sample TA-04 of the Rangsi Conglomerate has a very similar heavy mineral composition to 959 
sample TB56. It includes a higher proportion of zircon at 43%, as well as rutile (43%), 960 
tourmaline (6.8%), monazite (2%), APS (1.8%), chrome-spinel (2.8%), and xenotime (0.8%). 961 
Compared to this sample, TB54 has very similar zircon (44.9%), rutile (32.8%) and 962 
tourmaline (7.6%) contents, but shows some minor variations, with a higher proportion of 963 
chrome-spinel (9.7%) as well as garnet which is present at 2.1% and was not detected in 964 
sample TA-04. Subordinately, baryte (1.6%) intergrown with albite, monazite (0.8%), and 965 
APS (0.6%) were found. 966 
 967 
The sandstone TB200a of the upper Tatau Formation differs from the Rangsi Conglomerate 968 
by significantly lower zircon (19.7%) and higher tourmaline (30%) contents. Rutile is similar 969 
(37.9%). Subordinate APS (3.9%), chrome-spinel (2.5%), xenotime (2.5%), monazite (2%), 970 
and baryte (0.5%) were identified, as well as small quantities of hornblende (1%). 971 
 972 
Samples of Mukah-Balingian province have generally similar assemblages with small 973 
variations. Sample MB-03 of the Balingian Formation contains similar amounts of zircon and 974 
tourmaline (c. 17%) and rutile at 58.5%. Minor APS (1.9%), monazite (1.4%), chrome-spinel 975 
(2.4%), garnet (0.9%), xenotime (0.3%), and chloritoid (0.3%) were recorded. Sample TB201 976 
at the boundary with the Begrih Formation has high proportions of zircon and rutile at 42% 977 
and 47.2% respectively, and subordinate tourmaline at 4.1%, as well as chrome-spinel 978 
(3.9%), garnet (2.3%), monazite (0.3%) and APS (0.2%). Sample MB-07 of the Begrih 979 
Formation contains predominantly rutile (73.3%) and significantly less zircon (17%) 980 
compared to TB201, while tourmaline is also subordinate at 6%. Other minerals identified 981 
were chrome-spinel (2.1%), garnet, monazite and xenotime, each at 0.5%, and APS (0.2%). 982 
Sample MB-12 of the Liang Formation is dominated by rutile (83.1%) and has only minor 983 
proportions of tourmaline (10%) and zircon (4.7%). It contains subordinate APS (0.9%), 984 
chrome-spinel (0.6%), monazite (0.3%), and garnet (0.3%). Another sample of the Liang 985 
Formation (MB-01) has a significantly higher content of zircon at 38.6%, and contains rutile 986 
at 51.8%, and minor tourmaline (3.7%), chrome-spinel (2.2%), APS (1.8%), monazite (1.1%), 987 
xenotime (0.5%), and garnet (0.3%).  988 
 989 
9. U-Th-Pb zircon analysis 990 
9.1 Eocene magmatism in the Tatau area 991 
9.1.1 Bukit Piring (BP-01 - granite) 992 
Thirty-nine concordant ages were acquired from 56 zircons. The ages analysed range from 993 
39 ± 1 Ma to 48 ± 1 Ma forming a wide age distribution that includes a dominant younger 994 
subpeak with a weighted mean age of 42.3 ± 0.5 Ma (MSWD = 1.3; n = 32) (Supplementary 995 
File 4), interpreted to represent the main phase of crystallisation, and a small older subpeak 996 
at c. 47 Ma which probably represents inherited zircons from an earlier pulse of magmatism.   997 
 998 
9.1.2 Bukit Piring (BP-02 - quartzolite) 999 
Thirty-nine concordant ages were analysed from 55 zircons. The majority of zircons are 1000 
Eocene, ranging from 38 ± 2 to 49 ± 2 Ma. The wide peak gives a weighted mean age of 41.7 1001 
± 0.6 Ma (MSWD = 2.6; n = 34) (Supplementary File 4). Two older inherited ages are 1002 
Cretaceous (110 ± 3 Ma; 124 ± 2 Ma). 1003 
 1004 
9.1.3 Arip Volcanics (TB55 - rhyolitic volcanic rock) 1005 
Seventy-two concordant ages were acquired from 82 zircons. Sixty-seven of these zircons 1006 
yielded Eocene ages between 39 ± 1 Ma and 50 ± 1 Ma, which give a weighted mean age of 1007 
43.3 ± 0.3 Ma (MSWD = 1.6; n = 57) (Supplementary File 4). Five older inherited zircons are 1008 
Cretaceous, Triassic, Devonian and Mesoproterozoic. 1009 
 1010 
9.2 Unit 4 (Bawang Member) 1011 
9.2.1 North of the Arip River (TA-01 - tuffaceous sandstone) 1012 
112 concordant ages were acquired from 120 zircons (Fig. 14.1). They include dominant age 1013 
populations in the Early Cretaceous (107 ± 2 to 145 ± 2 Ma) and Jurassic (148 ± 2 to 191 ± 1014 
9 Ma), and small age populations in the Permo-Triassic (205 ± 3 to 260 ± 3 Ma), 1015 
Paleoproterozoic (1806 ± 21 to 1884 ± 13 Ma) and Paleoproterozoic to Archean (2406 ± 14 1016 
to 2498 ± 14 Ma) with scattered ages in the Paleozoic and Neo- to Mesoproterozoic. There 1017 
are five Eocene ages (39.5 ± 0.8 to 46.0 ± 1.0 Ma), including a younger subpeak which has a 1018 
weighted mean age of 40.0 ± 0.9 Ma (MSWD = 0.86; n = 3), which is similar to the age of the 1019 
Arip magmatic rocks and indicate magmatic activity at the time of deposition.   1020 
 1021 
9.2.2 South of the Arip River (TB56 - tuffaceous siltstone) 1022 
101 concordant ages were analysed from 102 zircons (Fig. 14.1). They form a main age 1023 
populations in the Cretaceous to Jurassic (77 ± 2 to 176 ± 2 Ma) and Permo-Triassic (203 ± 3 1024 
to 270 ± 4 Ma). Other grains are one Carboniferous and four Proterozoic zircons with a 1025 
possible minor peak at c. 1.7 Ga. 1026 
 1027 
9.3 Tatau Formation 1028 
9.3.1 Rangsi Conglomerate (TB54 - conglomerate) 1029 
132 concordant ages of 133 zircons were acquired from this sample (Fig. 14.1). There is a 1030 
main Cretaceous to Jurassic age population (79 ± 1 to 187 ± 4 Ma), and subordinate peaks in 1031 
the Permo-Triassic (203 ± 6 to 256 ± 3 Ma), Silurian-Ordovician (428 ± 6 to 479 ± 7 Ma), and 1032 
Paleoproterozoic at c. 1.7 - 1.9 Ga (1737 ± 10 to 1901 ± 11 Ma) and c. 2.4 Ga (2254 ± 10 to 1033 
2391 ± 11 Ma).  1034 
 1035 
9.3.2 Rangsi Conglomerate (TA-04 - conglomerate)  1036 
123 concordant ages were obtained from 128 zircons (Fig. 14.1). The dominant age 1037 
populations are Cretaceous to Jurassic (94 ± 1 to 188 ± 2 Ma), including two subpeaks at c. 1038 
120 Ma and c. 145 Ma, and Permian-Triassic (207 ± 5 to 289 ± 4 Ma). Other small age peaks 1039 
are Silurian to Ordovician (422 ± 6 to 449 ± 6 Ma) and Paleoproterozoic (1766 ± 12 to 1860 ± 1040 
15 Ma). The youngest zircons analysed are Eocene (37.3 ± 0.7 to 49.0 ± 2.0 Ma) and include 1041 
a dominant younger age population which has a weighted mean age at 39.2 ± 1.7 Ma 1042 
(MSWD = 6.5; n = 8). The zircons are interpreted to be derived from rhyolitic clasts of the 1043 
Arip Volcanics which were reworked into the conglomerate. 1044 
 1045 
9.3.3 Rangsi Conglomerate (TB199b - conglomerate) 1046 
126 concordant ages were acquired from 128 zircons of this sample (Fig. 14.1). The majority 1047 
of the zircons have Cretaceous and Jurassic ages between 91 ± 1 Ma and 196 ± 3 Ma, 1048 
recording two main age populations at c. 130 Ma and c. 145-180 Ma. Small peaks are 1049 
formed by Permo-Triassic zircons (210 ± 3 to 265 ± 4 Ma) and Paleoproterozoic zircons 1050 
(1782 ± 20 to 1992 ± 5 Ma) with a main peak at c. 1.8 Ga. A small number of zircons have 1051 
Neoproterozoic (884 ± 11 to 967 ± 12 Ma) and Paleoproterozoic to Archean (2388 ± 10 to 1052 
2489 ± 8 Ma) ages. 1053 
 1054 
9.3.4 Upper Tatau Formation (TB200a - sandstone) 1055 
131 concordant ages were obtained from 131 zircons (Fig. 14.1). The main age populations 1056 
are Permian-Triassic (225 ± 3 to 284 ± 5 Ma) and Paleoproterozoic (1827 ± 23 to 1942 ± 17 1057 
Ma) which is different to the Rangsi Conglomerate samples. Other differences include a 1058 
generally larger number of Precambrian grains with minor peaks at c. 800 Ma and c. 1.0 Ga, 1059 
and only a minor Cretaceous peak (97 ± 2 to 133 ± 4 Ma).  1060 
 1061 
9.4 Neogene sediments of the Mukah-Balingian province 1062 
9.4.1 Balingian Formation (MB-03 - sandstone) 1063 
114 concordant ages were acquired from 119 zircons (Fig. 14.2). They form dominant age 1064 
populations in the Cretaceous to Jurassic (72 ± 1 to 180 ± 3 Ma), including a main peak at c. 1065 
120 Ma and two smaller subpeaks at c. 80 Ma and c. 165 Ma, and in the Permo-Triassic (209 1066 
± 2 to 255 ± 3 Ma). Several minor age populations were identified in the Proterozoic at c. 1067 
850-900 Ma, 1.1 Ga, 1.9 Ga, 2.3 Ga and 2.5 Ga. 1068 
 1069 
9.4.2 Balingian Formation (TB201 - sandstone) 1070 
114 concordant ages were obtained from 115 zircons of this sample (Fig. 14.2). The majority 1071 
of zircons have Cretaceous to Jurassic ages (76 ± 1 to 190 ± 7 Ma) and form a main younger 1072 
subpeak at c. 120 Ma and two older subpeaks at c. 145 Ma and 180 Ma. Additionally, there 1073 
are minor peaks in the Permian-Triassic (214 ± 9 to 263 ± 2 Ma) and Paleoproterozoic at c. 1074 
1.8 Ga (1746 ± 14 to 1846 ± 13 Ma).  1075 
 1076 
9.4.3 Begrih Formation (MB-07 - sandstone) 1077 
110 concordant ages were acquired from 117 zircons (Fig. 14.2). The main age populations 1078 
are Cretaceous to Jurassic (66 ± 1 to 180 ± 2 Ma) with a dominant peak at c. 120 Ma, Permo-1079 
Triassic (202 ± 3 to 256 ± 3 Ma) and a smaller peak at c. 1.7 - 1.9 Ga. Three zircons have 1080 
Eocene ages between 40.6 ± 0.9 Ma and 42 ± 1 Ma, interpreted as reworked from Arip 1081 
magmatic rocks in the Tatau area.  1082 
 1083 
9.4.4 Begrih Formation (MB-11 - pebbly sandstone) 1084 
The sample contained much Fe-oxide, indicating interactions with atmospheric waters. Only 1085 
65 concordant ages were obtained from 68 zircons of this sample (Fig. 14.2). There are age 1086 
populations in the Cretaceous to Jurassic (105 ± 3 to 159 ± 2 Ma), with subpeaks at c. 110 1087 
Ma, 140 Ma and possibly c. 180 Ma (182 ± 2 to 199 ± 3 Ma), in the Permo-Triassic at c. 240 1088 
Ma (232 ± 3 to 257 ± 3 Ma), and small peaks in Silurian, Proterozoic (c. 0.7 - 0.8 Ga, 1.0 Ga, 1089 
1.7 - 1.9 Ga) and Paleoproterozoic to Archean (c. 2.5 Ga).  1090 
 1091 
9.4.5 Liang Formation (MB-12 - siltstone) 1092 
109 concordant ages were acquired from 119 zircons (Fig. 14.2). The main age populations 1093 
are Cretaceous to Jurassic (90 ± 2 to 177 ± 4 Ma), with subpeaks at c. 110 Ma, 140 Ma and 1094 
175 Ma, and Permo-Triassic (201 ± 2 to 257 ± 4 Ma). Smaller peaks were identified in the 1095 
Neo- to Mesoproterozoic at c. 0.9 - 1.2 Ga, in the Paleoproterozoic (c. 1.8 Ga), and 1096 
Paleoproterozoic to Archean (c. 2.5 Ga). One grain yielded an age of 41.8 ± 0.7 Ma, probably 1097 
recording Eocene magmatism in the nearby Tatau area.   1098 
 1099 
9.4.6 Liang Formation (MB-01 - sandstone) 1100 
111 concordant ages were obtained from 119 zircons (Fig. 14.2). The main age populations 1101 
identified were Cretaceous (80 ± 1 to 132 ± 2 Ma), Permo-Triassic (208 ± 2 to 258 ± 4 Ma), 1102 
Paleoproterozoic (1.7 - 1.9 Ga) and Paleoproterozoic to Archean (2.5-2.6 Ga). Smaller peaks 1103 
of Jurassic (147 ± 3 to 177 ± 3 Ma), and Neo- (0.8 - 1.0 Ga) and Mesoproterozoic (c. 1.1 Ga) 1104 
ages, resemble sample MB-12 of the Liang Formation. Both samples also show similar 1105 
proportions of Phanerozoic and Precambrian zircons, and closely resemble sample MB-03 of 1106 
the Balingian Formation. 1107 
 1108 
9.5 Belait Formation on Labuan 1109 
9.5.1 Middle Belait Formation (LTB-2 - sandstone) 1110 
133 concordant ages from 136 zircons of this sample (Fig. 14.3) yielded approximately two 1111 
thirds Phanerozoic ages and one thirds Precambrian ages. The main age population is in the 1112 
Cretaceous to Jurassic (73 ± 3 to 186 ± 3 Ma) with a peak at c. 120 Ma, and smaller age 1113 
populations were identified in the Permian-Triassic at c. 240 Ma (216 ± 3 to 282 ± 6 Ma), 1114 
Neo- (757 ± 10 to 997 ± 13 Ma), Meso- (1068 ± 18 to 1248 ± 30 Ma), Paleoproterozoic (1704 1115 
± 29 to 1874 ± 24 Ma) and Paleoproterozoic to Archean (2408 ± 14 to 2509 ± 11 Ma).     1116 
 1117 
9.5.2 Upper Belait Formation (LTB-4 - sandstone) 1118 
119 concordant ages from 127 zircons of this sample have a similar ratio of Phanerozoic and 1119 
Precambrian zircons to sample LTB-2 (Fig. 14.3). Dominant zircon age populations in the 1120 
Cretaceous to Jurassic (67 ± 1 to 170 ± 2 Ma), have a main peak at c. 120 Ma and subpeaks 1121 
at c. 90 Ma, 140 Ma and 160 Ma; other peaks are Permian-Triassic (203 ± 3 to 275 ± 3 Ma) 1122 
and Paleoproterozoic (1712 ± 30 to 1895 ± 10 Ma). Small peaks were identified in the 1123 
Paleozoic (382 ± 5 to 450 ± 9 Ma), at c. 500 Ma, 800-900 Ma, at c. 1.2 Ga and at c. 2.5 Ga. 1124 
The youngest ages analysed are Paleogene, including the youngest age of 44 ± 1 Ma.  1125 
 1126 
9.5.3 Upper Belait Formation (LTB-5 - sandstone) 1127 
126 concordant ages were obtained from 130 zircons (Fig. 14.3). The sample has a similar 1128 
age spectrum to LTB-2 and LTB-4 and also includes a wide Cretaceous to Jurassic age 1129 
population (81 ± 1 to 180 ± 3 Ma) with main peaks at c. 120 Ma and 160 Ma, and large peaks 1130 
in the Permian-Triassic (232 ± 3 to 287 ± 5 Ma) and Paleoproterozoic (1702 ± 15 to 1951 ± 1131 
12 Ma). There are minor peaks in the Paleozoic at c. 350 Ma and 440 Ma, as well as in the 1132 
Neo- and Mesoproterozoic (c. 600 Ma, 800 Ma, 1.1 Ga) and Paleoproterozoic to Archean at 1133 
c. 2.5 Ga.   1134 
 1135 
10. Discussion 1136 
10.1 Revised stratigraphy and major unconformities in the Miri Zone 1137 
10.1.1 Upper Paleogene to Early Miocene 1138 
The Paleogene sediments of the Tatau region in the Miri Zone are poorly exposed and little 1139 
studied. This has led to a previously confusing and ambiguous stratigraphy. Rocks in the 1140 
southern Miri Zone were assigned to the Metah Member, Bawang Member, or Tatau 1141 
Formation by Wolfenden (1960), Liechti et al. (1960), and Heng (1992) and it was not clear 1142 
when deep marine sedimentation of the Rajang Group ceased and uplift of central Borneo 1143 
began.  1144 
 1145 
In this study we now conclude that sediments in this area are lithologically and structurally 1146 
very similar to the Belaga Formation in the Sibu Zone, and are therefore assigned here to 1147 
the Belaga Formation (Figs. 2a and 3). Locally, differences were observed in the 1148 
metamorphic grade of the turbidite sequences, which indicate variations in the burial depth 1149 
of the sediments, and are interpreted to be different faulted blocks of older units in the 1150 
Belaga Formation (Fig. 2a). These include slates in turbidites north of the Bukit Mersing Line 1151 
which contain folded quartz veins and are quite different to the Unit 3 south of the Bukit 1152 
Mersing Line (Galin et al., 2017). The strong cleavage and abundant quartz veining indicates 1153 
they are upfaulted parts of an older Unit of the Belaga Formation (Fig. 3).  1154 
 1155 
Similarly, intensely cleaved slates were observed locally east of the Bawang River. The rocks 1156 
are similar to those described from the lowermost part of the Sibu Zone represented by the 1157 
Lupar Formation of Unit 1 (Galin et al., 2017). Galin et al. (2017) noted that detrital zircon U-1158 
Pb analysis from this supposed Bawang Member showed some similarities to zircon age 1159 
populations of Unit 1 (Lupar Formation) with a Triassic age population and absence of 1160 
Permian, Paleozoic, and abundant Precambrian ages. Since these rocks differ from the 1161 
abundant shale sequences observed in the surrounding area and lack any volcaniclastic 1162 
beds, they are here also assigned as older Belaga Formation, potentially equivalent to Unit 1 1163 
(Lupar Formation), and interpreted as a faulted block exposed in the younger Unit 4 1164 
(Bawang Member), based on lineaments on SRTM images. Furthermore, shales with a 1165 
moderate cleavage were observed in the northern Tatau high which may suggest slightly 1166 
deeper levels compared to Unit 4 (Bawang Member). These rocks were considered as 1167 
potential equivalents of Unit 2 of Galin et al. (2017) based on a dominant Cretaceous age 1168 
population and a few Precambrian zircons. A comparison of detrital zircons of samples TA-1169 
01 and TB56 from Unit 4 (Bawang Member) with the two samples reported by Galin et al. 1170 
(2017) from the Tatau area showed both are very similar (Fig. 15) but differ to Units 1 or 2 of 1171 
the Sibu Zone by having a more significant Early Cretaceous to Jurassic peak, in contrast to 1172 
abundant Late Cretaceous zircons and minor Jurassic grains in Units 1 and 2, indicating 1173 
regional variations of sources between the Sibu and Miri turbidites. 1174 
 1175 
The sediments of Unit 4 (Bawang Member) between the Pelugau River and the Tatau high 1176 
(Fig. 2a) usually comprise siltstones, sandstones, and shales which are moderately to steeply 1177 
dipping to the NW to N. They are locally intruded by the Piring stock, and interbedded with 1178 
the Arip Limestones, Arip Volcanics, and volcaniclastic beds. Zircon U-Pb analysis of the 1179 
magmatic rocks yielded weighted mean ages between c. 42 and 43 Ma. Biostratigraphy of 1180 
the limestones yielded a very similar maximum depositional age of c. 42.3 Ma (Lutetian). 1181 
These ages indicate that the surrounding conformable bedded turbidite sequences were 1182 
deposited during the late Middle Eocene, and support a classification of these rocks as the 1183 
youngest part of the Belaga Formation, termed here Unit 4 (Bawang Member), following the 1184 
unit classification used by Galin et al. (2017). Thus, the interbedded lavas, volcaniclastics and 1185 
limestones of Unit 4 (Bawang Member) are all positioned in our new stratigraphy at the top 1186 
of the Belaga Formation below the unconformity (Fig. 3), which is different to the proposal 1187 
of Hutchison (2005) and Wong (2011) who included the Arip Volcanics and Arip Limestones 1188 
in the Tatau Formation above the unconformity.  1189 
 1190 
The upper boundary of Unit 4 (Bawang Member) is relatively well constrained based on the 1191 
youngest zircons obtained from the volcanic rocks of c. 39 - 37 Ma, which defines the 1192 
maximum depositional age as Late Eocene (Priabonian), and indicates that the Rajang 1193 
Unconformity cannot be older than 37 Ma. The lower boundary of Unit 4 is poorly 1194 
constrained. Unit 4 seems to be of similar age to Unit 3 in the Sibu Zone, which may be 1195 
much thinner or missing in the Miri Zone.  1196 
 1197 
The Rangsi Conglomerate forms the base of the Tatau Formation above the Rajang 1198 
Unconformity. It contains rounded clasts of Arip Volcanics, and shows a similar zircon age 1199 
spectrum to Unit 4 (Bawang Member) (Fig. 16), including a dominant Cretaceous to Jurassic 1200 
peak, a subordinate Triassic peak, minor Paleoproterozoic peaks, and a few Eocene zircons, 1201 
which indicates reworking of Unit 4 (Bawang Member) and potentially older parts of the 1202 
Belaga Formation into the Tatau Formation. There are no age constraints on the lower Tatau 1203 
Formation (Rangsi Conglomerate) but the resumption of sedimentation is constrained to the 1204 
earliest Early Oligocene by the overlying Early Oligocene upper Tatau Formation, Buan 1205 
Formation and lower part of the Nyalau and Setap Shale Formations. 1206 
 1207 
The upper part of the Tatau Formation is conformable on the Rangsi Conglomerate but 1208 
shows a very different provenance and is dominated by Permo-Triassic and 1209 
Paleoproterozoic zircons, indicating a change in sediment supply for the upper Tatau 1210 
Formation.  1211 
 1212 
A second major unconformity, termed Nyalau Unconformity, was identified between the 1213 
upper Tatau/ Nyalau successions and the overlying Balingian Formation at c. 17 Ma, which is 1214 
accompanied by a change in provenance.  1215 
 1216 
10.1.2 Late Early Miocene – Middle Miocene 1217 
The Balingian, Begrih and Liang Formations above the Nyalau Unconformity have similar 1218 
tidally-dominated depositional environments, zircon age spectra, and heavy mineral 1219 
assemblages. They do not show major differences in provenance, therefore could be all 1220 
related to a single succession, which is different to previous interpretations (e.g. Wolfenden, 1221 
1960). Minor provenance differences were interpreted for thick sandstone packages of the 1222 
Balingian (TB201) and Begrih (MB-07) Formations, which have smaller Permo-Triassic peaks 1223 
and rare Paleozoic and Paleoproterozoic to Archean grains compared to the samples from 1224 
sandstone-dominated heterolithics of the Balingian (MB-03) and Liang (MB-12) Formations. 1225 
The overall number of Precambrian grains is also significantly smaller in samples of the thick 1226 
sandstone packages. Sample MB-01 of the Liang Formation and MB-11 of the Begrih 1227 
Formation are pebbly sandstones layer which are interbedded with heterolithic beds and 1228 
show features of both age spectra, i.a. a small Permo-Triassic peak but relative abundant 1229 
Precambrian ages, including a small peak at c. 2.5 Ga.  1230 
 1231 
Heavy minerals of the Mukah-Balingian province samples are all similar, with stable to ultra-1232 
stable assemblages of abundant rutile, zircon and subordinate tourmaline, with minor 1233 
chrome-spinel, garnet, monazite, APS, xenotime, and chloritoid. The zircon-tourmaline 1234 
(Zr/Tur) ratio shows lithology-dependent variations, i.e. high Zr/Tur ratios for the thick 1235 
(pebbly) sandstones that suggest high-energy conditions, and low Zr/Tur ratios for the 1236 
heterolithic samples that formed, partially, under lower-energy conditions. This correlation 1237 
of grain size and energy in the depositional environment might also account for the age 1238 
spectra variations observed, but could also reflect local contributions from different units of 1239 
the Belaga Formation.   1240 
 1241 
On Labuan, the fluvial conglomerates were previously interpreted to have been deposited 1242 
on top of the Setap Shale Formation (Fig. 3) and to mark an important change of 1243 
depositional environment, referred as the Deep Regional Unconformity (Wilson and Wong, 1244 
1964; Bol and van Hoorn, 1980; Balaguru and Lukie, 2012). However, although there is a 1245 
clear change from the underlying marginal marine heterolithics, the conglomerates are also 1246 
overlain by similar marginal-marine, tidally-influenced deposits, indicating the 1247 
conglomerates represent only a sequence boundary related to eustatic changes or 1248 
temporary flood events. 1249 
 1250 
The heterolithics below the conglomerate unit were assigned either to the Setap Shale 1251 
Formation (Wilson and Wong, 1964) or the Layang-Layangan beds which were considered to 1252 
be between the deep marine Temburong Formation and the fluvial to marginal marine 1253 
Belait Formation (Madon, 1994) (Fig. 3). Wan Hasiah et al. (2013) included this unit in the 1254 
Belait Formation and termed it Lower Belait; however, they still put the Setap Shale 1255 
underneath it. Here we consider all steeply dipping shale-slate-sandstone alternations that 1256 
show evidence of deformation and deep marine environment as Temburong Formation, and 1257 
interpret the Belait Formation to lie directly and unconformably above the turbiditic 1258 
Temburong Formation (Fig. 3). The contact, however, is not exposed on Labuan. The 1259 
proposed correlation of the Belait Formation with the Mukah-Balingian formations suggest 1260 
the marginal-marine heterolithics are part of the Belait Formation (Lower Belait) and are 1261 
equivalent to the Balingian Formation, followed by the conglomerates (Middle Belait) and 1262 
tidally-influenced deposits (Upper Belait), similar to the Begrih and Liang Formations. As in 1263 
the Mukah-Balingian province, the sharp contact of the conglomerates may represent only a 1264 
small sequence boundary. 1265 
 1266 
The three samples analysed from the Belait Formation indicate a tidally-influenced fluvio-1267 
deltaic environment and have similar light mineral assemblages and zircon age populations 1268 
to the Mukah-Balingian province samples (Fig. 16). Sample LTB-2 of the Middle Belait 1269 
Formation was collected from a massive conglomerate - sandstone unit interpreted as 1270 
channelized bodies in a fluvial-dominated environment and shows a small (Permian-) 1271 
Triassic peak, similar to the equivalent (pebbly) sandstones of the Begrih Formation. The 1272 
other two samples (LTB-4, LTB-5), from the Upper Belait marginal-marine sequences above 1273 
the fluvial deposits, yielded a larger number of Permo-Triassic zircons and are similar to the 1274 
overlying Liang Formation in the Mukah-Balingian province. 1275 
 1276 
10.2 Paleo-drainage reconstructions 1277 
The Rajang Group represents the deep marine equivalents of the terrestrial Kuching 1278 
Supergroup (Galin et al., 2017; Breitfeld et al., 2018). Unit 4 (Bawang Member) has similar 1279 
zircon age spectra to the Tutoop Sandstone (Breitfeld and Hall, 2018), and thus is correlative 1280 
with the youngest sediments of the Kuching Supergroup. Furthermore, Unit 4 (Bawang 1281 
Member) has similarities to the Upper Eocene Crocker Formation (van Hattum et al., 2013). 1282 
Sediments of Unit 4 (Bawang Member) are interpreted here to be derived mainly from the 1283 
Schwaner Mountains and West Borneo with little contribution from the Malay Peninsula 1284 
based on subordinate Precambrian zircons, suggesting proximal capture areas for the river 1285 
system which is retracting eastwards (Fig. 17a) in comparison to the wider capture area for 1286 
Unit 3 (Middle Eocene) as shown by Breitfeld and Hall (2018).   1287 
  1288 
Unit 4 (Bawang Member) records a shallowing transition from deep open marine 1289 
sedimentation of Units 1 to 3 of the Belaga Formation to an inner neritic environment, in 1290 
which interbedded limestones formed. But the major abrupt change is at the base of the 1291 
overlying Rangsi Conglomerate, proposed here to represent the base of the fluvio-deltaic 1292 
Tatau Formation, which marks the Rajang Unconformity (Fig. 3).  1293 
 1294 
The Rajang Unconformity marks a major phase of uplift in central Borneo which is likely 1295 
related to tectonic processes associated with the onset of subduction of the proto-South 1296 
China Sea. Hall and Breitfeld (2017) proposed subdcution started at c. 45 Ma which would 1297 
be contemporaneous to the initial stage of uplift inferred from the change from deep 1298 
marine to inner neritic deposition of Unit 4 (Bawang Member).   1299 
 1300 
The three samples of the Rangsi Conglomerate (TA-04, TB54, TB199b) yielded similar zircon 1301 
age populations, including a main peak in the Cretaceous to Jurassic, and smaller peaks in 1302 
the Permo-Triassic and Paleoproterozoic (c. 1.7-1.9 Ga and c. 2.3-2.4 Ga) (Fig. 16). Samples 1303 
TB199b and TA-04 have a larger number of Jurassic zircons than TB54, and sample TA-04 has 1304 
more Triassic zircons. The age spectra are similar to those of samples TA-01 and TB56 of 1305 
Unit 4 (Bawang Member), including a few Eocene grains (Fig. 16). The (Permian-) Triassic 1306 
zircons of TA-04 may have been derived from older Belaga Formation units and the zircon 1307 
spectrum resembles the sample reported by Galin et al. (2017) as Bawang Member 1308 
equivalent to Unit 1, indicating very local sources. Likewise, Cretaceous and Jurassic zircons 1309 
in TB199b resemble zircon ages of Unit 2 equivalent in the northern Tatau high (Galin et al., 1310 
2017). We interpret these results to indicate that the Rangsi Conglomerate was derived 1311 
from nearby Unit 4 (Bawang Member) and local fault blocks of older units in the Belaga 1312 
Formation of the southern Miri Zone (Fig. 17b), which is also supported by similar light and 1313 
heavy mineral assemblages (Figs. 13 and 18a). An elevated mountain range (Unit 4 on Fig. 1314 
17b) is proposed to have shut down NE-directed drainage from West and SW Borneo, 1315 
causing reversal of rivers and possibly the formation of a proto-Kapuas River in west 1316 
Kalimantan (Fig. 17b).  1317 
 1318 
Sample TB200a from the upper Tatau Formation has a very different zircon age distribution 1319 
from the Rangsi Conglomerate and Unit 4 (Bawang Member) (Fig. 14.1). The dominant age 1320 
populations are Permo-Triassic and Paleoproterozoic (c. 1.7-1.9 Ga) with minor Cretaceous, 1321 
Jurassic, Paleozoic, and Neo- to Paleoproterozoic ages. This indicates a significant change in 1322 
provenance to a source with more Permo-Triassic peak and fewer Cretaceous zircons, as 1323 
well as abundant Neo- to Mesoproterozoic zircons. The signature is dissimilar to sources in 1324 
Borneo and suggests river systems changed and sediment was coming from sources in the 1325 
Malay Peninsula (Fig. 17c), which is dominated by Permo-Triassic and Neo- to 1326 
Paleoproterozoic zircons (Hall and Sevastjanova, 2012). This would require crossing the 1327 
Natuna Arch which has often been considered an elevated area in the Oligocene to Miocene 1328 
(Morley and Morley, 2013; Hall, 2013b), although Miocene fluvial to marginal marine 1329 
sediments (Pengadah or Natuna Sandstones) have been reported from Natuna island (Haile, 1330 
1970; Haile and Bignell, 1971; Franchino and Liechti, 1983; Hakim and Hidayat, 1993). 1331 
Reorganisation of the drainage system was possibly related to coeval rifting of the South 1332 
China Sea. The zircon age populations of the upper Tatau Formation are similar to those of 1333 
the overlying Nyalau Formation (Breitfeld et al., 2017b), indicating the river system was 1334 
likely active until the late Early Miocene and shed large amounts of sediments into the 1335 
Sarawak Basin. The upper Tatau/ Nyalau formations sediments are also similar to the 1336 
Oligocene Crocker fan sediments (van Hattum et al., 2013) which indicates the Crocker 1337 
sediments are probably the deep-marine equivalents of the Nyalau Formation (Fig. 17c).  1338 
  1339 
Zircon ages of all samples from the Balingian, Begrih and Liang Formations show Cretaceous-1340 
Jurassic, Permo-Triassic, Neo- and Mesoproterozoic (c. 800 Ma, 900 Ma and 1.1 Ga, and 1341 
Paleoproterozoic (c. 1.8 Ga and 2.5 Ga) peaks, as well as several Paleozoic grains (Fig. 16). 1342 
They are very similar to the samples analysed from the Belait Formation (Fig. 16) which have 1343 
similar lithologies, indicating a similar provenance. The age populations resemble the Rajang 1344 
Group analysed by Galin et al. (2017), including Unit 4 (Bawang Member) (Fig. 16) which is 1345 
also supported by a few analyses with Eocene ages, as well as the Kuching Supergroup 1346 
samples reported by Breitfeld and Hall (2018) (Fig. 16), indicating reworking of these 1347 
deposits with main sediment supply again from Borneo. In contrast, the upper Tatau and 1348 
Nyalau Formations which are unconformably below the Balingian Formation show very 1349 
different age spectra, including a dominant Permo-Triassic peak, and therefore were likely 1350 
not exposed at the time of deposition of the Mukah-Balingian and Belait formations.  1351 
 1352 
An indication that sediments were also derived from the Kuching Supergroup is the Early 1353 
Cretaceous limestone clasts found in the Balingian Formation that were likely derived from 1354 
the Bau Limestone Formation which underlies the Kuching Supergroup south of Kuching. 1355 
Furthermore, light minerals of the Mukah-Balingian and Belait formations are low in 1356 
feldspar and plot across the sublitharenite, lithic arenite, or lithic greywacke fields; this is 1357 
different from the Rajang Group which has slightly more feldspar-rich assemblages and plots 1358 
across a smaller area (Fig. 18b). This could indicate breakdown of feldspar and/or lithic 1359 
fragments in the Mukah-Balingian and Belait samples. However, the Kuching Supergroup 1360 
light mineral assemblages show a similar distribution to the Mukah-Balingian and Belait 1361 
formations (Fig. 18b) suggesting they represent a similar source. Furthermore, Unit 4 1362 
(Bawang Member) could be another local source because it also has low feldspar contents, 1363 
as well as comparable heavy mineral assemblages. This indicates that large areas of west 1364 
and central Borneo were uplifted in the Middle - Late Miocene and provided sediments to 1365 
the Miri Zone and the Sarawak Basin (Fig. 17d).  1366 
 1367 
The upper Tatau/ Nyalau Formations were deposited in a coastal area with a NW-SE 1368 
directed coastline. The Nyalau Unconformity (Fig. 3) marks a change of the coastline to NE-1369 
SW orientated similar to the present-day (Fig. 17c, d). On Labuan, we identified a similar 1370 
development based on the change from deep marine environment (Crocker – Temburong 1371 
Formations) to the marginal marine Belait Formation (Figs. 3 and 17d). It is uncertain 1372 
whether the Mukah-Balingian and Belait Formations were deposited in one large fan system 1373 
or formed distinct fans, since similar sediments are missing in the Tatau region. Hageman 1374 
(1987) interpreted a phase of uplift in the SE Balingian area in the late Middle Miocene, 1375 
which would support that uplift occurred after deposition and thus could have resulted in 1376 
erosion of equivalent sediments of the Mukah-Balingian and Belait formations. 1377 
 1378 
10.3 Implications for offshore unconformities 1379 
The Sarawak and Sabah offshore regions have been subdivided by several unconformities 1380 
according to different authors. For example, Levell (1987) identified five regional 1381 
unconformities in the Middle Miocene and younger sequences offshore West Sabah, and 1382 
Hageman (1987) also recognised several cycles separated by unconformities for the 1383 
Oligocene to Pliocene sequences in the Sarawak Basin offshore. However, some of these 1384 
horizons may represent sequence or tectonic boundaries rather than actual unconformities. 1385 
 1386 
The three most important and often discussed unconformities in the offshore Sarawak and 1387 
Sabah regions are the Deep Regional Unconformity (DRU), the Middle Miocene 1388 
Unconformity (MMU) and the Top Crocker Unconformity (TCU). The unconformities have 1389 
not aided understanding of regional tectonics, partly because of a confusing time-labelled 1390 
nomenclature or uncertain position, and different authors have assigned them different 1391 
ages.  1392 
 1393 
The DRU, for example, has previously been proposed to be at c. 15 Ma based on seismic 1394 
interpretations and on-land Sabah stratigraphy (Levell, 1987; Hazebroek and Tan, 1993; van 1395 
Hattum et al., 2013), although Lunt and Madon (2017b) put the DRU at 12.5 Ma. Levell, 1396 
(1987) and Hazebroek and Tan (1993) also identified an older unnamed unconformity below 1397 
the DRU at c. 22-23 Ma. Van Hattum et al. (2013) identified the Top Crocker Unconformity 1398 
(TCU) on land (also discussed by Lunt and Madon, 2017b) and estimated a similar age. 1399 
However, the top of the Crocker Formation and its deep-marine equivalent of the 1400 
Temburong Formation were determined as late Early Miocene by Wilson & Wong (1964) 1401 
and Hutchison (2005), which is closer to the DRU age of Levell (1987). Furthermore, Clark 1402 
(2017) argued that the DRU previously identified on seismic lines was more likely to be the 1403 
TCU, and he considered the DRU to be a tectonic contact between much younger, late 1404 
Middle Miocene, sand-dominated mini-basins and underlying mobile shale which can be 1405 
seen in seismic data.  1406 
 1407 
On land, the DRU has been located at the base of thick conglomerates on Labuan (Balaguru 1408 
and Lukie, 2012) which are described as part of the Belait Formation (Madon, 1994). In this 1409 
section of the Belait Formation there are several conglomerate beds within a sandstone 1410 
unit. Based on our field observations we do not interpret the base of the conglomerates as 1411 
the DRU but consider the conglomerates represent rather brief eustatic changes or storm 1412 
deposits, which is supported by the fact that they are overlain and underlain by similar 1413 
fluvio-deltaic deposits. There are also several small conglomerate beds above and below the 1414 
Begrih Formation in the Mukah-Balingian province, indicating there is no single main event 1415 
that formed massive conglomerates in the Begrih and Middle Belait Formations. Thus, we 1416 
conclude that the conglomerates do not mark the DRU and the whole facies association of 1417 
heterolithics, conglomerates, and sandstones on Labuan is assigned here to the Belait 1418 
Formation. This is supported by Wan Hasiah et al. (2013) who also re-interpreted the 1419 
previous DRU contact on Labuan as an intraformational erosive surface. The contact with 1420 
the underlying Temburong Formation on Labuan is not exposed but would be the TCU, 1421 
which marks the change from deep marine to deltaic- shallow marine deposition. 1422 
 1423 
Interestingly, Hageman (1987) and Lunt and Madon (2017a, b) identified a change in 1424 
direction of sediment supply from the SW to the SE between Sarawak Cycles II and III. This 1425 
correlates very well with our Nyalau Unconformity which marks the change from sediments 1426 
derived from the Malay Peninsula in the west to Borneo-derived sediments from the 1427 
Kuching - Rajang range to the SE. Lunt and Madon (2017a, b) further suggested that there 1428 
was uplift of Borneo at this time, which is also supported by our results, and confirm the 1429 
Nyalau Unconformity as an important unconformity in the area. Based on age data of the 1430 
Temburong Formation reported by Wilson and Wong (1964) the TCU is likely younger than 1431 
c. 22.5 Ma estimated by van Hattum et al. (2006, 2013) and we interpret the TCU to be of 1432 
similar age to the Nyalau Unconformity, thus representing an equivalent and enabling a 1433 
correlation of these two important unconformities in Sarawak and Sabah, possibly related to 1434 
the end of spreading in the South China Sea.   1435 
 1436 
Cycle III is usually a thin unit in the Sarawak Basin and the top to Cycle IV is marked by 1437 
carbonate growth in the Dangerous Grounds area (Wilson et al., 2013) which was 1438 
interpreted as the main event in the Middle Miocene at c. 15-16 Ma, termed MMU (e.g. 1439 
Doust, 1981; Lunt and Madon, 2017a). This age is similar to the previously reported age of 1440 
the DRU and therefore some authors consider the MMU to be the same as the DRU (e.g. 1441 
Balaguru and Lukie, 2012). Adding to the confusion, some authors interpret the MMU to be 1442 
between c. 20 - 15 Ma (e.g. Cullen et al., 2010; Steuer et al., 2014; Kessler and Jong, 2015), 1443 
and others to be c. 11-10 Ma (e.g. Nagura et al., 2000; Racey, 2011).  These unconformities 1444 
must represent different events.  1445 
 1446 
On land, we see the main event at c. 17 Ma is marked by the Nyalau Unconformity, and not 1447 
at c. 15.5 Ma which can only be correlated with the massive conglomerates found at the 1448 
base of the Begrih Formation and in the Middle Belait Formation. The top of the Liang 1449 
Formation in the Mukah-Balingian province and Upper Belait Formation on Labuan is 1450 
approximately c. 11 Ma which possibly could be correlated to an offshore unconformity of 1451 
similar age. 1452 
 1453 
11. Conclusions 1454 
The southern Miri Zone in western Borneo contains thick Paleogene to Neogene 1455 
sedimentary successions that extend offshore into the Sarawak Basin and form hydrocarbon 1456 
reservoirs. These rocks include Eocene sediments that have previously been subdivided into 1457 
the Metah Member, Tatau Formation and Bawang Member. New field observations suggest 1458 
that this subdivision is not appropriate. Different parts of the turbidite sequences in the 1459 
southern Miri Zone include either cleaved slates or uncleaved shales. The latter, exposed 1460 
between the Pelugau River and the Tatau high, represent the youngest unit, termed Unit 4 1461 
(Bawang Member), which is of upper Middle - Late Eocene age. In contrast, cleaved rocks 1462 
found east of the Bawang River and in the northern Tatau high are interpreted to be faulted 1463 
blocks of turbidite sequence exhumed from greater depth and are likely equivalent to Units 1464 
1 and 2 of the Sibu Zone. 1465 
 1466 
The boundary between deep marine sediments of the Belaga Formation and the overlying 1467 
fluvial-deltaic dominated Tatau Formation is marked by the Rangsi Conglomerate, at the 1468 
base of which is the Rajang Unconformity. The conglomerates have been reworked from 1469 
Unit 4 (Bawang Member) and older parts of the Belaga Formation, indicating a major phase 1470 
of uplift in central Borneo at c. 37-34 Ma. 1471 
 1472 
The upper Tatau Formation on top of the Rangsi Conglomerate has a very different detrital 1473 
zircon age spectrum to that of underlying rocks. Instead, it is similar to the overlying Nyalau 1474 
Formation and indicates sediment that originated ultimately from the Malay Peninsula. 1475 
 1476 
Sedimentation stopped at c. 17 Ma (Nyalau Unconformity) which represents the second 1477 
phase of uplift, corresponding to a change of coastline orientation from NW-SE to NE-SW, 1478 
similar to the present-day, and after that sedimentation resumed with supply from Borneo, 1479 
mainly from the elevated Kuching-Rajang range (Fig. 17d). 1480 
 1481 
Neogene sediments of the Mukah-Balingian province (Balingian, Begrih and Liang 1482 
Formations) all have zircon age populations that resemble Unit 4 (Bawang Member) and 1483 
older parts of the Belaga Formation, as well as the Kuching Supergroup, indicating 1484 
widespread uplift of Borneo in the Middle Miocene. 1485 
 1486 
The Belait Formation on Labuan includes very similar sediments to the Mukah-Balingian 1487 
Formations with similar provenance and is considered an equivalent to them. In both areas, 1488 
massive conglomerate beds are between marginal-marine heterolithic sediments, 1489 
suggesting the contact represents a sequence boundary only, and questioning the previous 1490 
interpretation of the conglomerates as marking the Deep Regional Unconformity on Labuan. 1491 
 1492 
The results of this work suggest that the uppermost Cretaceous to Eocene strata of western 1493 
Borneo (Rajang fan) have been reworked into the Lower Oligocene Rangsi Conglomerate 1494 
above the Rajang Unconformity, as well as into the Lower to Middle Miocene Mukah-1495 
Balingian/ Belait Formations above the Nyalau Unconformity, while Lower Oligocene to 1496 
Lower Miocene strata (Tatau – Nyalau – Crocker fan) have been reworked from the Malay 1497 
Peninsula. In summary, this shows that upper Paleogene to Neogene sedimentation in 1498 
western Borneo was dominated by large-scale reworking related to changing large river 1499 
systems and was not derived from arc-related magmatism.      1500 
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Figure captions 1824 
Fig. 1: Northwestern Borneo overview map showing the four zones of Sarawak defined by 1825 
Haile (1974), the units of the Sibu Zone as defined by Galin et al., (2017), and the West 1826 
Borneo region (Mesozoic Sundaland in Borneo) (Hennig et al., 2017a). The red boxes 1827 
highlight the study areas. Inset: regional map of Southeast Asia using NASA ASTER Global 1828 
DEM V002 (search.earthdata.nasa.gov/search) and GEBCO bathymetry data 1829 
(www.gebco.net/data_and_products/gridded_bathymetry_data/). 1830 
 1831 
Fig. 2: Geological maps with sample locations of a) the Tatau region and b) the Mukah-1832 
Balingian province modified from Wolfenden (1960), Liechti et al. (1960) and Heng (1992), 1833 
and of c) Labuan island modified from Wilson and Wong (1964), Madon (1994) and Balaguru 1834 
and Lukie (2012). Bt. – Bukit (hill). 1835 
 1836 
Fig. 3: Revised stratigraphy proposed in this study for the Upper Cretaceous to Neogene 1837 
sediments of the Miri Zone (adapted from Hutchison, 2005; Galin et al., 2017). The black 1838 
and white column on the left summarises the previous stratigraphy for comparison. Lay – 1839 
Layang-Layangan Formation; TCU – Top Crocker Unconformity. 1840 
 1841 
Fig. 4: Field photographs of the Belaga Formation in the Miri Zone. a, b) Steeply dipping 1842 
slates which include folded quartz lenses (upper Balingian River). c) Whitish-grey 1843 
volcaniclastic layer interbedded with weathered sandstones (east of Bawang River). d, e) 1844 
Steeply dipping alternations of sandstones and slates which show a pervasive cleavage (east 1845 
of Bawang River). f) Sandstones and mudstones to shales interbedded with thin greyish 1846 
volcaniclastic layers (north of Arip Ridge). g) White volcaniclastic layer interbedded with 1847 
sandstones and shales south of the Tatau high (TA-01). h, i) Sandstone and shale to slate 1848 
alternations in the northern Tatau high showing mud drapes on ripple foresets. 1849 
 1850 
Fig. 5: Field and thin section photographs of the subvolcanic rocks and limestones 1851 
interbedded with Unit 4 (Bawang Member). a) Photomicrograph of a micro-granitic rock of 1852 
Bukit Piring (BP-01). b) Exposure of the Arip Limestones along the ‘stone road’ mine north of 1853 
the Arip ridge (AL1, AL2). 1854 
 1855 
Fig. 6: Field photographs of the Tatau Formation. a-d) Massive beds of the Rangsi 1856 
Conglomerate south of the Tatau high. The layers have a sand- or mud-dominated matrix (b, 1857 
d). Pebbles are angular to rounded quartz pebbles and subordinate rhyolite clasts (c). 1858 
Locally, a clastic dyke was observed between beds (d). e, f) Moderately dipping beds of the 1859 
Rangsi Conglomerate north of the Tatau high. The conglomerates show erosive bases (e) 1860 
and sandstones are interbedded with thin mudstone layers showing current ripple cross-1861 
lamination (f). g, h) Sandstone beds and mudstones of the upper Tatau Formation overlying 1862 
the Rangsi Conglomerate north of the Tatau high. 1863 
 1864 
Fig. 7: Field photographs of the Balingian Formation. a) Conglomerate layer with limestone 1865 
clast (arrow) interbedded with the heterolithics. b) Heterolithics interbedded with thick 1866 
layers of carbonaceous mudstones and coal seams. c) Heterolithics with inclined bedding. d) 1867 
Contact between mudstone-dominated heterolithics capped by a coal seam and pebbly 1868 
sandstones on top. e) Large exposure of pebbly sandstones at the top of the Balingian 1869 
Formation. f) The sandstones are interbedded with thin mudstone layers and show planar 1870 
cross-bedding with mud and coaly/ carbonaceous material deposited on the foresets. 1871 
Abundant Skolithos burrows were observed in the sandstones. g) Small vertical mud-filled 1872 
fault indicating syn-sedimentary displacement. h) Stacked lenticular sandstones capped by 1873 
mudstones. 1874 
 1875 
Fig. 8: Field photographs of the Begrih Formation. a) Mudstones and heterolithics at the 1876 
base overlain by thick deposits of conglomerates and pebbly sandstones with erosive bases. 1877 
b) Convolute bedding in the heterolithics with carbonaceous mudstones. c) Inverse-graded 1878 
sandstones to conglomerates with an erosive base of coarse-grained sandstones. d) Pebbly 1879 
sandstones with planar cross-bedding. e) Sandstones with mudstone and lignite layers 1880 
showing wavy lamination. f) Stacked packages of heterolithics with erosive bases. g-l) 1881 
Succession of conglomerates with scours (h) at the base overlain by pebbly sandstone and 1882 
heterolithics which are interbedded with thin conglomerate layers (i). Sandstone and 1883 
carbonaceous mudstone heterolithics at the top contain abundant Ophiomorpha burrows 1884 
(k) and show herringbone cross-stratification at centimetre-scale (l).  1885 
 1886 
Fig. 9: Field photographs of the Liang Formation. a, b) Subhorizontally laminated mudstone - 1887 
siltstone heterolithics showing flaser and current ripple cross-lamination (a) and convolute 1888 
bedding and thin coal bands in places (b). c) Planar-bedded sandstones interbedded with 1889 
mudstones. d) Moderately-dipping alternations of conglomerates/ pebbly sandstones and 1890 
heterolithics. e) Conglomerate showing coarsening upward sequence. f-k) Heterolithics with 1891 
hummocky cross-stratification (f), thin coal layers, and Ophiomorpha and Skolithos burrows 1892 
(g, h), flute casts (i) and flame structures (k). 1893 
 1894 
Fig. 10: Field photographs of the Lower and Middle Belait Formation (a-d) and Upper Belait 1895 
Formation (e, f, h-k). a) Sharp contact between heterolithics (Lower Belait) and massive 1896 
conglomerates (Middle Belait) (central Labuan anticline). Some conglomerate beds are clast-1897 
supported (b), including rounded laterite clasts (c). d) Carbonaceous siltstone - mudstone 1898 
alternations with thin coal seams (central Labuan anticline). e) Sandstones contain elongate 1899 
coal fragments. f, g) Successions of thick sandstone beds with channel structures 1900 
interbedded with mudstones and heterolithics (N Labuan; SE Labuan). h) Sandstones 1901 
showing hummocky cross-stratification or trough cross-bedding with asymptotic foresets. i) 1902 
Wavy lamination in the heterolithics cut by synsedimentary fault. k) Highly bioturbated 1903 
sandstone bed with abundant burrows (h-k: NE Labuan).   1904 
 1905 
Fig. 11: Geochemical discrimination diagrams for samples of Bukit Piring and the Arip 1906 
Volcanics from Wolfenden (1960), Wong (2011) and this study. a) The samples are calc-1907 
alkaline to high-K calc-alkaline in the SiO2 vs. K2O diagram of Peccerillo and Taylor (1976). b) 1908 
Discrimination diagrams of Frost et al. (2001), c) Geotectonic discrimination diagram of 1909 
Pearce et al. (1984), and d) Spider diagram normalised to the NMORB composition of Sun 1910 
and McDonough (1989), supporting an A-type signature. 1911 
 1912 
Fig. 12: Summary of light minerals of Unit 4 (Bawang Member), Tatau Formation, Mukah-1913 
Balingian formations and Belait Formation plotted in the ternary diagrams of a) Pettijohn et 1914 
al. (1987) and b) Dickinson et al. (1983).  1915 
 1916 
Fig. 13: Summary of heavy minerals of the Unit 4 (Bawang Member), Tatau Formation, and 1917 
Mukah-Balingian formations. The samples show comparable ultra-stable assemblages 1918 
dominated by zircon, rutile and tourmaline.  1919 
 1920 
Fig. 14.1: Histograms and probability density plots for samples of Unit 4 (Bawang Member), 1921 
Rangsi Conglomerate, and upper Tatau Formation. 1922 
 1923 
Fig. 14.2: Histograms and probability density plots for samples of the Mukah-Balingian 1924 
formations.  1925 
 1926 
 Fig. 14.3: Histograms and probability density plots for samples of the Belait Formation on 1927 
Labuan.  1928 
 1929 
Fig. 15: Comparison of the zircon histograms of the deeper parts of the turbidite sequence 1930 
in the Miri Zone (Galin et al., 2017) and Unit 4 (Bawang Member) from this study 1931 
interpreted as the uppermost part of the succession. Both histograms show very similar age 1932 
spectra with only a few Precambrian zircons, indicating the Miri Zone turbidites are mainly 1933 
sourced by the Schwaner Mountains and West Borneo.  1934 
 1935 
Fig. 16: Summary of combined histograms and probability density plots of the Kuching 1936 
Supergroup (Breitfeld and Hall, 2018), Rajang Group (Galin et al., 2017; this study) and Unit 1937 
4 (Bawang Member), as well as of their reworked products of the Rangsi Conglomerate, 1938 
Mukah-Balingian formations and Belait Formation. n = number of concordant analyses; X = 1939 
number of samples. 1940 
 1941 
Fig. 17: Paleogeography maps and reconstruction of major fluvial systems at a) 42-37 Ma, b) 1942 
33-30 Ma, c) 30-25 Ma, and d) 15-10 Ma based on the biostratigraphy (Arip Limestones), U-1943 
Pb age dating (Bukit Piring, Arip Volcanics)  and  provenance results of this study, and earlier 1944 
work by Wilson (2008), Witts et al. (2012), Hall (2013b), Morley and Morley (2013), Hennig 1945 
et al. (2017b), Breitfeld and Hall (2018), Hennig and Breitfeld (2018) and Hennig et al., 1946 
(2018). Abbreviations: K - Karimunjawa Arch; S - Schwaner Mountains; W - West Borneo; B - 1947 
Barito Basin; MB - Mukah-Balingian; Pr. - Proto; R. - River. 1948 
 1949 
Fig. 18: Light minerals summary diagrams showing a) the latest Cretaceous to Eocene Rajang 1950 
Group of the Sibu Zone and Miri Zone (Unit 4 Bawang Member and older parts) and their 1951 
reworked equivalents of the Rangsi Conglomerate, and b) the Neogene Mukah-Balingian 1952 
and Belait Formations which both contain very little feldspar, similar to sediments of the 1953 
Kuching Supergroup (Breitfeld et al., 2018).   1954 
 1955 
Tab. 1: Summary of biostratigraphy from the Arip Limestones, limestone clasts in the 1956 
Balingian Formation, and the Bau Limestone Formation.  1957 
 1958 
Supplementary File 1: Results of XRF whole-rock analysis of samples collected in this study 1959 
from Bukit Piring. Also shown are the R1-R2 and SiO2 vs. Na2O + K2O nomenclature diagrams 1960 
of De La Roche et al. (1980) and Middlemost (1994). 1961 
 1962 
Supplementary File 2: Summary of light mineral modes of Unit 4 (Bawang Member), Tatau 1963 
Formation, Mukah-Balingian formations and Belait Formation. 1964 
 1965 
Supplementary File 3: Summary of heavy mineral modes of Unit 4 (Bawang Member), Tatau 1966 
Formation, and Mukah-Balingian formations. 1967 
 1968 
Supplementary File 4: Data tables of LA-ICP-MS U-Pb zircon analyses. Samples of Bukit Piring 1969 
(BP-01, BP-02) and the Arip Volcanics (TB55) are plotted in Tera-Wasserburg Concordia 1970 
diagrams (black - concordant analyses, red - discordant analyses), and histograms with 1971 
probability density plots. The grey ages were excluded from the main age population and 1972 
disregarded for the weighted mean age calculation. 1973 
 1974 
Supplementary File 5.1: Selected photomicrographs of planktonic foraminifera. Scale bar = 1975 
0.25 mm. 1 - Acarinina pentacamerata (Subbotina), AL3-3. 2 - Dentoglobigerina venezuelana 1976 
(Hedberg), AL2-3. 3 - Turborotalia frontosa (Subbotina), AL1-2. 4 - Globigerinatheka sp., AL2-1977 
2. 5 - Globigerinatheka lutherbacheri Bolli, AL3-2. 6 - Chiloguembelina sp., AL3-4. 7 - 1978 
Aragonella nuttalli Toumarkine, AL1-1. 8 - Subbotina eocaenica (Terquem), AL1-2. 9 - 1979 
Guembelitrioides higginsi (Bolli), AL2-1. 1980 
 1981 
Supplementary File 5.2: Selected photomicrographs of benthic foraminifera. Scale bar: Figs. 1982 
1, 4, 6 = 1mm; Figs 2, 3, 5 = 0.5mm. 1, 5 - Pseudocyclammina lituus Yokoyama, BAL-1. 2 - 1983 
Dukhania conica Henson, TB165. 3 - Siphovalvulina sp., TB165. 4, 5 - Pseudocyclammina 1984 
vasconica Maync, MB-03c. 6 - Palaeodasycladus sp., MB-03c. 1985 
 1986 
 1987 
Supplementary Files 6.1 and 6.2: Pie-chart diagrams of light mineral compositions of all 1988 
samples analysed from Unit 4 (Bawang Member) and Tatau Formation (6.1), and the 1989 
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Lithology/ Formation Samples Microfacies components Depositional environment  Stages/ age ranges
Arip Limestones AL1-1 Micritic wackestone of planktonic 
foraminifera
Subbotina sp., Acarinina pentacamerata, Chiloguembelina sp., 
Streptochilus cubensis, Subbotina linaperta, Aragonella 
nuttalli, Acarinina sp., Subbotina eocaenica
Inner neritic Lutetian, P10-P11, 47.8-42.3Ma
AL1-2 Micritic wackestone of planktonic 
foraminifera
Aragonella nuttalli, Acarinina sp., Subbotina eocaenica, 
Turborotalia frontosa
Inner neritic Lutetian, P10-P11, 47.8-42.3Ma
AL1-3 Recrystallised planktonic 
foraminifera
Badly rare recrystallised foraminifera Indet.
AL2-1 Micritic wackestone of planktonic 
foraminifera
Aqcarinina pentacamerata, Guembelitrioides higginsi Inner neritic Lutetian, P10-P11, 47.8-42.3Ma
AL2-2 Micritic wackestone of planktonic 
foraminifera
Bolivina sp., Porticulasphaera mexicana, Catapsydrax sp., 
Globigerinatheka sp., Spirillina sp., Globigerinatheka barri, 
echinoid spp.
Inner neritic Late Lutetian - Early Bartonian, P11-P12, 44.9-40.2Ma
AL2-3 Micritic wackestone of planktonic 
foraminifera
Subbotina inaequispira, Dentoglobigerina venezuelana, 
Nodosaria sp., Globigerapsis kugleri
Inner neritic P11b-P12a, 43.2-41.2Ma
AL3-1 Recrystallised planktonic 
foraminifera
Badly rare recrystallised foraminifera
AL3-3 Micritic wackestone of planktonic 
foraminifera
Acarinina pentacamerata, Globigerinatheka sp. Inner neritic
AL3-4 Recrystallised planktonic 
foraminifera
Chiloguembelina sp., Acarinina sp. Inner neritic early to Middle Eocene
AL3-2 Micritic wackestone of planktonic 
foraminifera
Globigerinatheka luterbacheri, Guembelitrioides higginsi Inner neritic Late Lutetian, P11-P12a, 44.9-41.2Ma
AL3-5 Recrystallised planktonic 
foraminifera
Globigerinatheka sp., Globigerinatheka curryi Late Lutetian, P11-P12a, 44.9-41.2Ma
Limestone clasts in 
Balingian Formation
MB-03b Packstone of algae Palaeodasyclad spp., Pseudocyclammina sp., small 
miliolids, Textularia spp.
Shallow backreefal environment Jurassic-Cretaceous
MB-03c Packstone of algae Palaeodasyclad spp., Pseudocyclammina sp., Choffatella, 
small miliolids
Shallow backreefal environment Cretaceous (not younger than Santonian)
Bal1 Micritic packstone of algae Bacinella spp., Pseudocyclammina lituus Reefal to backreef environment Early Cretaceous, Berriasian to Barremian, 145.0-125.0Ma
Bal2 Micritic packstone of algae Bacinella spp., miliolid, textularid, gastropod Reefal to backreef environment Early Cretaceous, Berriasian to Barremian, 145.0-125.0Ma
Bau Limestone Formation TB165 Wackestone of benthic foraminifera Siphovalvulina sp., Dukhania sp., Pseudocyclammina sp., 
Nezzazatinella sp., Pseudocyclammina vasconica, Bacinella sp., 
Salpingoporella dinarica sp.
Shallow part of the inner ramp/Backreef Aptian, 125.0Ma-113.0Ma
Table 1
